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Improving surface water quality using a geotextile filtration technique 
Mina Ghasri 
 
Different substances are carried from land to water areas such as lakes and ponds by natural or 
anthropogenic activities. Suspended solids (SS) consisting of organic and inorganic matter are 
examples of these substances that are discharged into water bodies. Contaminants, such as 
nutrients, bacteria, and heavy metal, which enter surface waters adsorb onto the surface of these 
particles and eventually settle on the bottom sediments which then become the largest potential 
source of contaminants into the overlying water. The presence of these SS in the water causes a 
decrease in the transparency and also excessive loads of nutrients which lead to eutrophication 
and rapid growth of algae in the water. Lake Johanne is a shallow mesoeutrophic lake located in 
the municipality of Saint-Anne-Des-Lacs, Quebec, Canada. The lake was exposed to algal 
blooms during the hot summer in the past and the water has been found to be turbid since 2008.  
The focus of this study was to evaluate the water quality variables of this mesoeutrophic lake, to 
improve the quality of water using a geotextile filtration technique and thus assess the reliability 
of the geotextile filters in removing suspended solids and adsorbed nutrients. To accomplish 
these, lake water quality was monitored for two years (2017-2018). Also, a series of on-site 
filtration experiments was conducted beside the lake using non-woven geotextiles as filter media. 
Different combinations of geotextiles, differing in apparent opening sizes and number of layers 
(5-6), were examined to find the combination showing maximum efficiency in removing SS and 
associated nutrients. Experiments were classified into four categories with respect to the 
geotextile combination used as a filter media.  
The results obtained from all the experiments conducted with different geotextile combinations 
were promising for the suspended solids, turbidity, chlorophyll-a, and phosphorus removals. 
However, combination 3 which included two layers of 100 microns followed by two layers of 90 
microns, and two layers of 70 microns showed better results as compared to the other 
combinations used in this study. The filtration experiments conducted with this combination 
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resulted in 8.3 g /m2-d total suspended solids (TSS), 11.6 mg /m2-d total phosphorus (TP), 9.8 g 
/m2-d chemical oxygen demand (COD), and 11.1 mg /m2-d chlorophyll-a removal. Overall, the 
results have indicated the potential of non-woven geotextiles for use as a filter media to improve 
the quality of surface water by removing SS and algae that impair the water quality. Thus, the 
geotextile filtration technique can be considered as an effective remediation method for 
contaminated surface water bodies such as lakes and ponds. 
 v 
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1.1 The problem 
 
Nowadays, there is an increasing environmental concern about the quality of surface water in the 
world since the quality of our life is dependent on water as a life source. Despite the abundance 
of water in Quebec, its quality is decreasing because of urbanization, industrialization, and the 
intensification of agriculture. Water quality can be affected by point and non-point sources. 
Wastewater discharge from municipalities and industries, septic tank discharge, and using 
fertilizers and pesticides are some of the human activities which influence the quality of water. 
Rain and snowmelt can be responsible for washing materials like sediments and nutrients from 
the surface into the nearest water body and thereby decreasing water quality. Activities on land 
like agriculture, mining, and urban improvement can also indirectly affect water quality. Lakes 
are surface water and as a freshwater source, have become an essential part of people’s lives, 
either for lake residents or the ones who visit lakes for recreational purposes like boating, fishing 
or swimming. Unfortunately, many lakes in Canada have water quality issues resulting from the 
input of large amounts of nutrients to lakes and sediments. Blue-green algae blooms and 
excessive growth of aquatic vegetation can be the result of excess nutrient input (Government of 
Alberta, 2019; MDDEP, 2019c). Suspended solids which are discharged to enclosed water areas 
have an important effect on the transport and fate of contaminants. The presence of these 
particles in the water causes a decrease in transparency. They can also adsorb contaminants such 
as nutrients and bacteria which can subsequently contaminated sediments and water (Inoue et al., 




Lake Johanne is one of the lakes located in Quebec, Canada, which is in an advanced 
intermediate stage of eutrophication (ABVLACS, 2019). The lake was exposed to algal blooms 
in the past (Municipality of Sainte-Anne-des-Lacs, 2019). Some of the nutrients and organic 
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matter enter the lake from its neighboring wetland which is connected to the lake through a 
drainage pipe. The quality of lake water is also affected by runoff from its surrounding forest 
areas, erosion from rocks and land, snowmelt, organic matter degradation, etc. 
 
To date, several management practices have been done to reduce nutrients inputs into aquatic 
systems. These reduction control strategies limit the external loading of nutrients such as 
phosphorus into the water (Environment Canada, 2004). However, phosphorus can be released 
back from sediments into the overlying water and impair its quality by promoting algal growth. 
In order to control the internal loading of phosphorus, some in-situ techniques have been 
practiced so far, which include dosing chemicals into the lakes (application of alum, calcite, 
phoslock, algaecide) (Cooke et al., 1993; Xie et al., 2014), capping with clean sediments, and 
sediment dredging (Reddy et al., 2007). All of them have their own limitations, thereby 
restricting the application of these technologies for lake restoration. Some of these limitations are 
sediment resuspension, toxicity problems, cost factor, lack of disposal sites, etc. (Wang & Jiang, 
2016). Therefore, it is important to develop alternative restoration methods which are economical 
and environmentally friendly, and also follow the principles of ecological engineering and 
restoration. 
 
Filtration is one the available techniques for removal of suspended solids, contaminants adsorbed 
on SS, and organic matter from water. The basis of filtration is its separation ability which makes 
it easy to differentiate particles based on the particle size using various filter media. Geotextiles 
are permeable fabrics that are widely employed in geotechnical, environmental, and hydraulic 
applications (Inoue et al., 2009; Palakkeel Veetil et al., 2019). However, there have been very 
limited studies on the potential feasibility of using geotextiles as a filtration media for surface 
water remediation. Therefore, filtration using geotextiles as filter media can be an effective 






The main objective of this study was to develop a method to remove suspended solids and 
associated nutrients from a mesotrophic lake, thereby improving the water quality. According to 
this objective, some sub-objectives were set which are as follows: 
• To evaluate the effectiveness of geotextiles as filter media for improving the lake water 
quality by removing TSS, turbidity, TP, COD, etc. 
• To evaluate different combination of geotextile to determine the best combination 
showing maximum efficiency in removing suspended solids and nutrients. 
To accomplish these goals, a series of on-site filtration tests was performed using different 
combinations of geotextiles as filter media. Moreover, the relationship between different water 
quality parameters was also evaluated. Overall, the ultimate objective of this study is to develop 
an in-situ filtration system which is capable of remediating contaminated surface waters, such as 
lakes and ponds, without causing any disturbance to the surrounding environment. 
 
1.4 Thesis organization 
 
This thesis is presented in 5 chapters. The detail of each chapter is as follows: 
• Chapter 1, introduction 
In this chapter, the problem, justification, and objectives for this study have been 
presented. 
 
• Chapter 2, literature review 
This chapter mainly includes the previous work done related to the study. The main 
topics discussed in this chapter include an overview of lake water in Quebec, 
eutrophication, parameters affecting lake water quality, water quality guidelines, surface 
water treatment, etc. At the end of this chapter, the problem associated with Lake 
Johanne is explained. 
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• Chapter 3, methodology 
In this chapter, the morphology and description of the lake are presented, followed by the 
sample collection and storage, filtration equipment, and analytical measurements, 
respectively. 
 
• Chapter 4, results and discussion 
In the first part of this chapter, the overall water quality of Lake Johanne is presented, 
which is followed by all results and discussion from different filtration experiments in the 
second part. 
 
• Chapter 5, conclusions and recommendations 
Finally, the thesis is concluded with this chapter, including conclusions made based on 









Clean and safe water is a vital source of life. People are attracted to water as it serves for 
different purposes like drinking, agriculture, industry, transportation, fishing and recreation 
(Carpenter et al., 1998). There are various forms of water bodies, and lakes, in particular, play a 
crucial role in creating a pleasant and healthy environment for humans. They are linked to public 
health as they are used for a wide range of purposes like drinking, swimming, boating, water 
sports, etc. Also, lakes have a significant role in the ecosystem as they are habitats for a large 
number of species of plants and animals. Thus, the health of the lakes is of great importance for 
sustaining a healthy balance of human and aquatic life (USEPA, 2002).  
 
2.2 Overview about Quebec and lake water 
 
Covering 17% of the total Canadian territory, Quebec is the largest Canadian province with a 
total area of 1667000 km². The province has one of the world's largest reserves of fresh water, 
occupying 10% of its territory. Quebec includes 430 major watersheds; of which 100 cover a 
catchment area of greater than 4,000 km². The province is the land of rivers and lakes as it 
comprises 4500 rivers and more than half a million lakes; 30 of them have an area larger than 
250 km². The St. Lawrence River is one of the major hydrographic systems and it covers more 
than one-third of the Quebec’s entire territory, making up for 40% of the renewable fresh water 
of the province (Gouvernement du Québec, 2002; ROBVQ, 2018). 
The abundance of water resources in Quebec is associated with the substantial annual rainfall 
averaging a total of 750 mm per year. About 80% of this precipitation returns to the ocean 
through the hydrographic network. However, only 0.5% of the annual gross volume of available 
water is collected in this province. Municipalities use 49% of the amount collected, and 46% of 
that is used in the manufacturing sectors. Mining and agricultural sectors account for only 5% of 
the collected water (MDDEP, 2019c).  
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Despite the abundance of water, urbanization, industrialization and the intensification of 
agriculture have resulted in deterioration of water quality in the province. The effect of human 
activities in deterioration of surface water quality cannot be ignored. For example, the use of 
fertilizers and pesticides in the agricultural areas results in the nonpoint source pollution which 
significantly decreases the quality of water (Gouvernement du Québec, 2002; MDDEP, 2019c).  
 
2.3 Causes of contamination 
 
Lakes are one of the most treasured resources for life as they provide recreation facilities, 
enhance amenities, and even contribute to climate change mitigation. Unfortunately, the water 
quality of many lakes and rivers has deteriorated as a result of increased pollutant inputs in 
recent decades. Discharge from sewage treatment systems, soil erosion originating from road 
construction, deforestation, road salt, agricultural practices like manure and synthetic fertilizer 
management, urban runoff, and septic tank discharge are some of the factors which contribute to 
lake water pollution. Additionally, the growth of human population coupled with excess demand 
for recreational access to lakes has resulted in many water quality issues. This increase in 
pollutant inputs accelerates the aging process of the lakes drastically. The natural aging of a lake 
occurs very slowly, over thousands of years, but with human influences, this process can take as 
little as a few decades, and lakes age prematurely in terms of their physical and biological 




Eutrophication is the most common impairment of lakes, rivers, estuaries, and coastal oceans 
around the world (Smith, 1998). It was reported by the World Health Organization (1999) that 
54% of the lakes in the Asia Pacific Region are eutrophic. The proportions for Europe, North 
America, South America, and Africa are 53%, 48%, 41%, and 28% respectively. Thus, 
eutrophication is a widespread water quality problem worldwide (Carpenter et al., 1998; Inoue et 
al., 2009). 
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The term eutrophic, coming from the Greek language, means rich in food. Einar Naumann first 
applied this term to lakes containing algal bloom in the early years of the 20th century (Schindler 
et al., 2016). Eutrophication is described as the enrichment of aquatic systems with nutrients, 
especially phosphorus and nitrogen, leading to enhanced organic production (Nixon, 1995).  
Eutrophication has many harmful effects both on human and aquatic ecosystems. Enhanced 
growth of algae and aquatic plants is the main consequence of eutrophication which limits the 
use of water for other purposes such as drinking, agriculture, industry, fisheries, and recreation. 
Most of the dissolved oxygen in the water is consumed by the decomposition and degradation of 
the dead algae and results in oxygen depletion and subsequently fish kills (Conley et al., 2009; 
Jeppesen et al., 1998). Eutrophication contributes to many other problems such as loss of 
habitats, decreases in transparency, loss of aquatic biodiversity, increases in suspended solids, 
alteration of food web structure, depletion of dissolved oxygen (DO), decreasing light 
penetration and toxin release from algal blooms (Carpenter et al., 1998; Chislock et al., 2013; 
Migliaccio et al., 2007; Ngatia et al., 2019; Schindler, 2006). 
Increased growth of algae is among the most harmful effects of eutrophication. These algae are 
detrimental for humans and other organisms as they produce toxins which can cause food 
poisoning in humans through the food chain and can increase morbidity and mortality in 
domestic animals and wildlife. For example, a specific type of algae, called dinoflagellate, 
produces a very toxic chemical which can damage the nervous system of individuals who come 
in contact with it. This algae has been identified as a significant reason for finfish mortality on 
the U.S. Atlantic coast. (Burkholder et al., 1992; Carpenter et al., 1998). There are also some 
negative economic consequences associated with eutrophication including declines in waterfront 
property values, reduced tourism incomes, and rising costs for public health (McCrackin et al., 
2017). 
 
Eutrophication occurs naturally over the passage of time, but anthropogenic activities accelerate 
the natural rate of this process by altering nutrient loads in water bodies. Population growth and 
associated wastewater discharge, increased use of fertilizer in the agriculture area, growing 
energy demands, and construction of water diversion projects like large dams are some of the 
causative factors affecting nutrient load in aquatic systems (Glibert, 2017). 
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Chemical contaminants containing phosphorus and nitrogen compounds accelerate the process of 
eutrophication. There are two kinds of chemical inputs to surface water, point and nonpoint 
sources. Point sources such as discharge from municipal sewage treatment plants are easy to 
measure and can often be controlled by having a treatment at the source. However, it is difficult 
to measure and regulate nonpoint sources, since these inputs are linked to seasonal agricultural 
activity and specific circumstances like heavy precipitation or large construction projects. 
Consequently, controlling this kind of pollution is linked to land management practices and 
controlling pollutant release to the atmosphere, and may affect people’s daily activities 
(Carpenter et al., 1998). The United States Environmental Protection Agency stated that the main 
source of water pollution in the United States is nonpoint inputs (USEPA, 1996). Thus, 
restoration of most eutrophic waters needs the reduction of nonpoint inputs of phosphorus (P) 
and nitrogen (N) (Carpenter et al., 1998). 
 
Although the existence of organic matter in the water body is essential for ecosystem cycle, the 
unrestrained growth of it can be considered as pollution. Removal of nutrients from water is a 
successful method for controlling eutrophication (Moslemizadeh, 2009). Van Der Molen et al. 
(1998) studied the effect of eutrophication in Lake Veluwe in the Netherlands and found the 
decrease of eutrophication by using filtration and removing dissolved solids. 
 
2.5 Trophic state 
 
The trophic state of a lake is evaluated based on three parameters including phosphorus 
concentration of the lake, its chlorophyll-a concentration which indicates abundance of algae, 
and water transparency which is measured by Secchi disk. Figure 2-1 shows the classification of 
the trophic state of lake water based on these three parameters. According to the diagram, water 
transparency reduces due to the increased algae production and the concentration of chlorophyll-
a increases proportionally with phosphorus concentration. The diagram covers all the potential 
status for the lakes of Quebec, which are ultra-oligotrophic lakes (very little phosphorus content) 
to hyper-eutrophic ones (highly enriched with phosphorus). There are five terms used to define 
classes of trophic state including ultra-oligotrophic, oligotrophic, mesotrophic, eutrophic and 
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hypereutrophic. Oligo-mesotrophic and meso-eutrophic are the terms used for transition zones 
between the main zones. The terms eutrophic, oligotrophic and mesotrophic are used to define 
waters having elevated, poor, and intermediate supplies of nutrients respectively (Smith et al., 
1998; MDDEP, 2012).  
 
 
Figure 2-1 Diagram of the trophic level of lakes (MDDEP, 2012) 
 
Figure 2-2 indicates the trophic status of 537 lakes located in Southern Quebec which are 
monitored through a Voluntary Lake Monitoring programme (RSVL) during the period 2004-
2009. According to Figure 2-2, the trophic state of the lakes is reported in six categories. A total 
of 30 % of the lakes are ultra-oligotrophic and oligotrophic (weekly enriched). 40% of the lakes 
are oligo-mesotrophic which is a transition between oligotrophic and mesotrophic state. The 
proportion of mesotrophic and meso-eutrophic states (intermediate enrichment categories) are 
15% and 12% respectively. The eutrophic and hyper-eutrophic categories that correspond to 
highly enriched lakes have been grouped together, and 3% of the lakes are in this condition. All 
these results were obtained by monitoring the central zone of the lakes and not the littoral area. It 
should be noted that the level of eutrophication in lakes is dependent not only on human 
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activities but also on physical characteristics of the lake itself. For example, the depth of the lake, 
its volume and the residence time of the water are the effective factors in occurring natural 
eutrophication (MDDEP, 2012).  
 
 
Figure 2-2 Trophic status of Lakes in Southern Quebec monitored from 2004 to 2009 (MDDEP, 
2012) 
 




Phosphorus (P) is an essential element which is used by all living organisms for growth and 
energy transfers (Correll, 1998; Worsfold et al., 2016). However, excessive quantities of this 
element can cause excessive growth of algae and aquatic plants in water bodies. This 
overabundance can lead to oxygen shortage and changes in habitat and communities of aquatic 
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organisms (MDDEP, 2012). The effects of elevated nutrients (phosphorus and nitrogen) on 
abundance and composition of lake phytoplankton have been studied by the researchers for more 
than 50 years (Fujimoto et al., 1997; Gerloff & Skoog, 1957; Xie et al., 2003). Phosphorus is 
often mentioned as a dominant growth-limiting nutrient which can control the phytoplankton 
biomass and production. Therefore, phosphorus has been targeted for reduction by most lake 
restoration plans (Galvez-Cloutier et al., 2012; Lewis & Wurtsbaugh, 2008; Wen & Recknagel, 
2002). Schindler et al. (2008) reported that to decrease eutrophication, management should be 
focused on reducing phosphorus inputs (Conley et al., 2009). 
The sources of phosphorus can be both natural (indigenous soil P and atmospheric deposition) 
and anthropogenic. However, due to the intensification of agriculture, population growth, and 
increasing industrialization, the anthropogenic P has been identified as the major source of 
elevated P inputs to freshwaters (Haygarth et al., 2005; Ngatia et al., 2019; Worsfold et al., 
2016).  
In lake water, phosphorus exists in total dissolved (TDP) and particulate (PP) phases. Dissolved 
P is the fraction of phosphorus that passes through a 0.45 µm filter, whereas particulate P is 
defined as the fraction retained on a 0.45 µm filter. The sum of these two forms of phosphorus 
represents the total phosphorus concentration. (Gimbert et al., 2007; Bai et al., 2017). TDP can 
be further divided into organic (dissolved organic phosphorus or DOP) and inorganic 
components. Dissolved inorganic P is also identified as soluble reactive phosphorus (SRP), 
dissolved reactive phosphorus (DRP), and orthophosphate (Ortho-P) (Ellison & Brett, 2006). 
Orthophosphate is considered to be the most bioavailable form of P for aquatic primary 
producers. (Worsfold et al., 2016; Bai et al., 2017). Bioavailable phosphorus (BAP) is defined as 
phosphorus that can be utilized by plants and bacteria (Ellison & Brett, 2006).  
On the other hand, particulate P is bound to organic matter and soil particles. This fraction is 
determined by subtracting dissolved phosphorus from total phosphorus. Particulate phosphorus is 
considered as a long-term water quality concern as it settles to the bottom of water column and 
can be slowly released to the overlying water. Soil erosion is one of the important drivers of 
increasing PP in surface runoff, thus reducing soil erosion can be an effective factor in 
decreasing particulate P loss (Stewart & Howell, 2003).  
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Although phosphorus exists in different forms in water, aquatic plants need inorganic P, typically 
in the form of orthophosphate ions (PO4
3-) for their nutrition (CCME, 2004). This form of 
phosphorus can be directly taken up by algae. SRP concentration is measured to check if 
phosphorus limits the algal growth rate in the lake (Riegman & Mur, 1986). As SRP increases, it 
indicates that phosphorus is either not required by the algae or is being provided at the rates 
faster than it can be taken up by the biota. However, many studies indicated that other form of P 
can be hydrolyzed to the orthophosphate form. Therefore, aquatic scientists measure total P 
concentration instead of SRP to determine the amount of nutrient that can feed the growth of 
algae, and the potential for accelerated eutrophication of surface water due to P loading 
(Minnesota Pollution Control Agency, 2007; Pote & Daniel, 2000). 
 
2.6.2 Total Nitrogen 
 
Nitrogen (N) is one of the paramount elements needed for plant and animal growth. It is an 
essential constituent of all vital processes associated with protein in plants (Leghari et al., 2016). 
Together with phosphorus, nitrogen is considered as a production-stimulating nutrient in aquatic 
ecosystems. It works as a catalyst for the process of decomposition of organic material in 
sediment (Jansson and Andersson, 1994). There are different inorganic and organic forms of 
nitrogen in the ecosystem including nitrite (NO2
-), nitrate (NO3
-), ammonia (NH3), and organic 
nitrogen (organic N). Total nitrogen represents the sum of all these nitrogen forms (Mesner and 




Nitrate is one of the major forms of inorganic nitrogen that is usually present in surface and 
groundwaters (Seferlis, 2008). NO3
- is very soluble in water and high concentration of it can 
impose a serious threat to the environment and public health. The presence of elevated 
concentrations of NO3
- in water bodies stimulates heavy algal growth, thereby promoting 
eutrophication. The major sources of nitrate contamination include agricultural fertilizer, leakage 
from septic tanks, animal manure, agricultural and urban runoff, industrial wastewaters, and 
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Ammonia is another inorganic form of nitrogen which is formed when bacteria break down 
organic nitrogen. NH3 is generally less abundant in natural waters except when dissolved oxygen 
concentration is very low, or when the level of water pollution is too high (Mesner and Geiger, 
2010). In surface water, ammonia is mostly found in the form of the ammonium cation (NH4
+) 
which is formed when ammonia dissolves in water and reacts with it. Phytoplankton can 
immediately take up nitrogen in the form of nitrate and ammonium (Korppoo et al., 2017). 
Nitrogen-fertilizer application, sewage infiltration, industrial processes, and livestock operations 






-) can be formed as a result of nitrate reduction or ammonia oxidation. Generally, the 
concentration of nitrate is much higher than that of nitrite in water since NO2
- contains nitrogen 
in a relatively unstable form of oxidized nitrogen and can be rapidly oxidized to nitrate (Health 
Canada, 2013). Like ammonia, concentrations of nitrite in lake water are relatively very low 
unless the level of organic pollution is high. The main sources of nitrite to the water include 
application of corrosion inhibitors in industrial process water, ammonia or nitrate conversion, 
runoff from fertilized land, and the breakdown of sewage by bacteria (Government of 
Saskatchewan, 2008; Hebert & Ontario, 2008).  
Although nitrogen is one of the nutrients which supports the growth and nourishment of 
organisms, the overabundance of it in water can cause a number of health and ecological issues. 
Excessive amounts of nitrogen along with a sufficient supply of phosphorus in aquatic 
ecosystems can cause overstimulation of algal growth, which eventually leads to eutrophication. 
The death and decomposition of algal blooms can reduce severely dissolved oxygen level of 
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water, leading to the death of aquatic organisms like fish. Excess nitrogen not used by growing 
crops can also be a risk to water quality as it converts to nitrate which is highly mobile in soil 
and soluble in water. Therefore, nitrate can contaminate groundwater through leaching and 
surface waters through runoff (Alberta Agriculture and Forestry, 2000; USEPA, 2019). 
 
2.6.3 Suspended solids 
 
Generally, the mass (mg) or concentration (mg/L) of organic and inorganic matter, which is 
found in suspension in the water column of a river, lake or reservoir, is represented by the term 
suspended solids (SS) (Bilotta & Brazier, 2008). Suspended solids are considered as an 
important factor in observing water quality. All materials in water are categorized as particulate 
or dissolved based on their size. Particles that pass through a 0.45 pore size glass fiber are called 
dissolved, and the rest, which are larger than 0.45 microns, remaining on top of the filter are 
considered particulate ones. Measuring suspended solids is a method to evaluate the 
concentration of particulate material in the water.  
All streams naturally carry some suspended solids. However, if concentrations are increased by, 
for example, human activities, this can alter the physical, chemical and biological characteristics 
of the waterbody (Bilotta & Brazier, 2008; Ryan, 1991). As Kleerekoper (1952) mentioned 
nutrients contained in the dead plankton organisms and their waste products settle on the bottom 
of the lakes and make up the bulk of the sedimentation. But human disturbances that leave soil 
exposed to erosion can trigger the process of sedimentation and consequently pollution of the 
lakes. Different types of contaminants such as bacteria, heavy metals and pesticides (Kronvang 
et al., 2003), and nutrients such as phosphorus (Haygarth et al., 2006) can be released from 
adsorption sites on the sediment into the waterbody. Eisma (1993) noted characteristics of the 
particulate and dissolved solids are mainly affected by the way that these sediments enter the 
water and settle in it.  
In addition, where SS have a high level of organic content, which is mostly because of runoff 
from forestry operations, the organic matter undergoes anaerobic breakdown at the bottom of the 
water body. Further decomposition of these breakdown products can cause critical oxygen 
depletion in the water, leading to fish deaths under low flow conditions (Ryan, 1991). The effects 
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of high levels of SS on the aquatic ecosystem have been reviewed in several studies in the past. 
SS can act as a vector of toxic substances such as pesticides and herbicides (Kronvang et al., 
2003) and nutrients such as phosphorus (Heathwaite, 1994) from the land to the waterbody. This 
can indirectly influence the abundance of periphyton, phytoplankton, and macrophytes. Reduced 
light penetration through the water column is another result of excessive levels of SS in the water 
that inhibits the photosynthesis of aquatic plants. As photosynthetic processes reduce, less 
dissolved oxygen is produced, thereby decreasing DO levels in the water column. Also, as 
previously mentioned, the decay of organic matter by microorganisms can reduce the DO levels 
even lower. The low levels of dissolved oxygen result in the death of various aquatic biota such 
as fish and invertebrates (Bilotta & Brazier, 2008; Fondriest Environmental, 2014; Patel et al., 
2004).  
 
It is now accepted that suspended solids are one of the main reasons for water quality 
deterioration which leads to a higher cost for water treatment, decreases in fish resources and 
aesthetic issues (Verma et al., 2013). Suspended solids have a high potential for adsorbing 
contaminants such as bacteria, heavy metals, nutrients, and other hazardous materials. These 
contaminants can be released from the sediments through the decay of the organic matter by 
microorganisms (Fukue et al., 2006). According to Fukue et al. (2006), there is a strong 
relationship between suspended solids (SS) and chemical oxygen demand (COD) in the water. 
Therefore, removal of suspended solids is essential for improving water quality in terms of 
contaminants adsorbed on SS and COD (Mulligan et al., 2009). Filtration is one of the foremost 
methods via which SS can be removed from the water (Fukue et al., 2006). 
 
2.6.4 Blue-green algae 
 
Blue-green algae (BGA), which are also called cyanobacteria, are microscopic organisms that 
occur naturally in all water bodies in low density. However, if they start to proliferate, they can 
become problematic for lakes, ponds, and streams. When conditions are favorable, the 
population of BGA rapidly increase, resulting in forming large mass or scum called algal bloom. 
Quebec Ministry has established the value of 20,000 cells/ml as a threshold for cyanobacteria, 
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meaning that if the density of cyanobacteria in the water body is equal or greater than this value, 
it is affected by a BGA bloom. This phenomenon can have negative effects on the ecological 
balance and aesthetic qualities of the water body. Moreover, algal blooms have the potential to 
produce toxins that are harmful to human and aquatic biota. This can restrict using water for 
drinking and swimming purposes (Fleming et al., 2002; Inoue et al., 2009; MDDEP, 2012, 
2019a). 
 
2.6.4.1 Factors triggering the growth of BGA  
 
There are some natural and environmental factors contributing to the growth of blue-green algae. 
Phosphorus is the predominant factor favoring the development of blue-green algal blooms. It 
can enter the water through wastewater discharges, agriculture, and leaching from septic tanks, 
thereby accumulating at the bottom of the water body and acting as a food reserve for BGA. The 
amount of available nitrogen is also effective in the proliferation of blooms. As the ozone layer 
becomes thinner, penetration of the ultraviolet rays through water increases. Unlike other algae, 
BGA can tolerate these rays and use them for photosynthesis. The presence of some agricultural 
herbicides may also contribute to the blooming of blue-green algae. BGA can tolerate these 
substances while they can harm other phytoplankton algae. Temperature, brightness, and 
movements of the water are other physical factors which can influence the growth of algal 
blooms (Government of Ontario, 2019; MDDEP, 2012, 2019a).  
 
2.6.4.2 Number of water bodies affected in Quebec 
 
Based on the data which was collected from reports published by MDDEP (2016), the number of 
water bodies affected by the blue-green algae from 2004 to 2015 is depicted in Figure 2-3. As the 
chart shows, since 2004, the number of water bodies affected by BGA dramatically increased 
and reached its maximum value in 2007 (167 water bodies). This rise in the number may be due 
to increased public reporting as a result of growing public concern. Although there was a slight 
decline in 2008, the number of affected water bodies again increased after that. It is clearly 
shown that the number of affected water bodies did not change for the duration of two years 
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(from 2010 to 2011) which were followed by a slight decrease in 2012. The chart indicates that 
the number started to decrease sharply in 2012 and reached to value of a 46 water bodies in 




Figure 2-3 Number of waterbodies affected by BGA from 2004 to 2015 (MDDEP, 2012, 2016) 
 
Figure 2-4 represents the number of newly affected water bodies in Quebec from 2007 to 2015. 
in 2007 116 water bodies were affected by algal blooms that is the highest number affected in the 
duration of 2007 to 2015. It is clearly shown that, since 2007, the number of newly affected 
water bodies continuously decreased, except for a two-year period (2010 and 2012). 52 and 48 
waterbodies were affected in 2010 and 2012 respectively. The number reached its minimum 




Figure 2-4 Number of newly affected water bodies from 2007 to 2015 (MDDEP, 2016) 
 
According to the report published by MDDEP (2016), algal blooms most commonly occur in the 
three months of July, August, and September (74 % of total algal blooms). 76% of the water 
bodies visited in 2015 were affected by large algal blooms with the density of equal to or greater 




Cyanobacteria blooms consist of large numbers of filaments or cells which can house toxins 
named cyanotoxins. When these cells rupture or die, cyanotoxins are released into the water as 
there is no cell wall to prevent their release. These toxins can attack various parts of the body. 
Neurotoxins and hepatotoxins are known to attack the liver and the nervous system respectively, 
while dermotoxins can irritate the skin (Environment Canada, 2001). Algal blooms producing 
these toxic chemicals are known as harmful algal blooms (HABs). The recent increase in HABs 
has started to demonstrate negative effects on human and animal health, ecology, aquatic 
ecosystem sustainability, and economic vitality (Dodds et al., 2009; Hudnell, 2010; Landsberg, 
2002).  
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Cyanotoxins can be classified as intracellular or extracellular (dissolved) form. In intracellular 
form, the cells contain the toxins while in the other form the toxins are released from the cells. 
Most of the time, the cyanobacterial toxins are found intracellularly and retain in the 
cyanobacterial cell. In this condition, the toxins are released into the water when the cell dies, 
and cell membrane breaks down. However, there are species of cyanotoxins, such as 
cylindrospermopsin, that can be naturally released by the cyanobacterial cells when they are 
alive. Physical removal like filtration is the most effective method for removing intracellular 
toxins. However, dissolved cyanotoxins are more difficult to remove as they can adsorb to clays 
and organic matters in the water. Therefore, additional treatment should be applied to remove 
extracellular cyanotoxins (USEPA, 2014). 
 
2.7 Water quality guidelines 
 
Water quality guidelines are developed to protect freshwater and aquatic life from anthropogenic 
activities like chemical inputs or alterations in physical parameters such as temperature and pH 
(CCME, 1999b). These guidelines are based on current knowledge of environmental fate, 
behavior, and chronic or acute toxicity of a substance (Environment and Climate Change 
Canada, 2019).  
Water quality criteria are numerical limits, or narrative statements that are suggested to protect 
different water uses including agriculture (livestock watering and irrigation), aquatic life and 
recreation and aesthetics (Alberta Environment and Parks, 2018). Numeric or quantitative 
criteria show the exact levels of specific chemicals allowable in a water body. In other words, 
these criteria indicate specific threshold values for the pollutants in the water. When pollutants 
are not precisely measurable, numeric criteria are difficult to specify. In this condition, narrative 
criteria are employed to describe a parameter in a qualitative form (USEPA, 2018). 
 A complete list of guidelines used by different provinces and territories is provided by 
Environment and Climate Change Canada (2019). Table 2-1 presents surface water quality 
criteria used in Quebec. The more often the concentration of a parameter exceeds its guideline, 
the poorer the quality of water will be. 
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Table 2-1 Water quality guidelines for surface water used in Quebec 
Parameter Guideline  Source 
Chlorophyll-a 8 mg/L (Environment and Climate Change Canada, 2019; 
Government of Canada, 2008) 
Dissolved 
oxygen 




pH between 6.5 and 9 (CCME, 2019; Environment and Climate Change Canada, 
2019; MDDELCC, 2019a) 
Total 
Phosphorus 





20 mg/L (Chapman & Kimstach, 1996) 
Total 
Nitrogen 
1.00 mg/L (Environment Canada, 2014) 
Nitrate 2.9 mg NO3-N/L (CCME, 2019; Environment and Climate Change Canada, 




25 mg/L (CCME, 2002) 
Turbidity 10 NTU (Environment and Climate Change Canada, 2019; 
Government of Canada, 2008) 
 
For preparing this table, data were collected from different federal and provincial sources such as 
Canadian Council of Ministers of the Environment (CCME), Environment and Climate Change 
Canada, Government of Canada, and Ministère du Développement durable, Environnement et 
Lutte contre les changements climatiques (MDDELCC). 
 21 
Unlike other parameters, there is no specific guideline recommending the acceptable limits for 
COD and total nitrogen in surface water in Quebec. However, it is mentioned by Chapman and 
Kimstach (1996) that, the COD concentrations in surface water vary from 20 mg/L or less in 
unpolluted water to more than 200 mg/L in waters polluted by effluents. For total nitrogen, 
Environment Canada (2014) recommended  1 milligram of nitrogen per liter as a guideline to 
protect surface water in Quebec. 
 
2.8 Surface water treatment 
 
Nowadays, increasing population, rapid industrialization, and transition to a modern consumer 
society have resulted in detrimental surface water pollution. This phenomenon is the cause of 
increased concern in the public for strict environmental legislation and developing alternative 
methods for water treatment (Zularisam et al., 2006). The ability to provide a safe source of 
water has developed dramatically during the last 150 years. Despite these improvements, the 
environmentally-safe methods for restoration of lakes as a significant portion of surface waters 
are still limited, and lake eutrophication remains one of the most common water quality 
problems (Schönach et al., 2018). Chemical addition, capping, and sediment dredging are some 
of the remediation techniques that have been practiced so far for improving the water quality of 
many eutrophic lakes. 
 
Sediment dredging is an ex situ technique which has a positive effect in decreasing internal P 
loading to lakes. Laboratory studies done by Reddy et al. (2007) showed that 65% of TP 
sediment storage could be removed by dredging the top 30 cm of sediment of Lake Okeechobee. 
However, only diffusive flux from sediment to overlying water column was considered in 
laboratory experiments, and sediment resuspension and organic material inputs at the sediment-
water interface was not included in the tests (Reddy et al., 2007). Although sediment dredging 
has been adopted in many engineering projects, there are some uncertainties and controversies 
about this technique. It can result in resuspension of sediment, thereby increasing P loads. 
Additionally, treatment and disposal of the dredged sediment is a major challenge associated 
with high costs (Karim et al., 2012; Wang and Jiang, 2016). Overall, the application of sediment 
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dredging is not economically feasible for the small and shallow lakes due to high transportation 
costs and lack of disposal sites (Palakkeel Veetil et al., 2017).  
 
Addition of adsorbents to lakes with the purpose of reducing P concentration is one of the 
common methods for lake management especially when the external P load has been previously 
decreased (Cooke et al., 2005; Deppe & Benndorf, 2002). A wide variety of P adsorbents with 
various physico-chemical properties are suggested including iron (Fe), aluminum (Al) and 
calcium (Ca) salts (Hupfer & Hilt, 2008), modified clays (Phoslock® and Aqual- P®) or Fe oxy-
hydroxides (CFH-12®) (Álvarez-Manzaneda et al., 2018; Copetti et al., 2016; Gibbs & 
Özkundakci, 2011; Zamparas et al., 2013). 
Xie et al. (2014) used magnesium oxide nanoflake-modified diatomite adsorbent (MOD) to test 
its ability to remove phosphate (PO4
2-) from water of a eutrophic lake in China (Chaohu Lake). 
The concentration of total phosphorus (TP) in lake water before and after adding MOD were 
0.158 mg/L and 19.9 μg/L respectively. The results showed that the efficiency of total 
phosphorus removal was proportional to the dosage of MOD used. 87.2% TP and 75% SRP were 
reported as removal efficiencies when MOD concentration was 250 mg/L by increasing the 
MOD concentration to 300 mg/L, 90% TP removal was obtained. 
Álvarez-Manzaneda et al. (2018) tested two non-magnetic -CFH-12® and Phoslock®- and two 
magnetic materials -hydrous lanthanum oxide loaded silica-coated magnetite (Fe-Si-La) and 
commercial zero-valent iron particles (FeHQ)- to remove phosphorus at two different adsorbent 
dosages. This study showed that the removal efficiency of P is mainly controlled by the type of 
adsorbent, the adsorbent dosage and color of water which is the indicator of humic substances 
concentration. The highest P removal efficiency, independently of adsorbent dosage, reported in 
this study were about 100% for Phoslock®, 85-100% for CFH-12®, 70-100% for Fe-Si-La, and 
0-15% for FeHQ. Phoslock® showed the best P uptake regardless of adsorbent dosage and 
chemical composition of water. Based on this research, non-magnetic materials were more 
effective in terms of removing P from water compared to the magnetic ones. However, magnetic 
adsorbents can be reused which makes them more profitable in a long-term duration (Álvarez-
Manzaneda et al., 2018). In addition, the effectiveness and treatment longevity of non-magnetic 
materials are highly dependent on water residence time, water column stability, lake 
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morphology, aging and crystallization of flocs. This is another negative aspect of non-magnetic 
adsorbents besides being nonreusable (Huser et al., 2016). 
It is important to remark that the P removal efficiency of the most P adsorbents is dependent on 
the potential redox, pH, and/or presence of other dissolved ions (Funes et al., 2017). Ross et al. 
(2008) found that Phoslock® was very effective in removing P from water at pH values between 
5 and 7 and the adsorption capacity declined at the high pH values (above pH 9). Furthermore, 
adsorbents which settle on the sediments after inactivating phosphorus may ultimately be 
released into the water column if the physicochemical conditions change or sediment 
resuspension occurs (Egemose et al., 2009; Funes et al., 2017). 
Lürling and Oosterhout (2013) tested the combination of the flocculent polyaluminium chloride 
(PAC) with the lanthanum-modified bentonite Phoslock® (Flock & Lock) in Lake Rauwbraken 
(the Netherlands) in April 2008. It was observed that the application of a combined treatment of 
2 tons PAC and 18 tons Phoslock® successfully shifted the lake from a eutrophic/hypertrophic 
state to an oligo/mesotrophic state. The combined treatment significantly decreased the 
chlorophyll-a concentration in the water column from 19.5 (±36.5) µg/L before application to 3.7 
(±4.5) µg/L after treatment. This treatment was also effective in lowering the TP concentration in 
the lake water. The average TP concentration after treatment was 14 (±15) µg/L, while it was 
169 (±126) µg/L prior to this Flock & Lock treatment. Filamentous cyanobacteria were also 
removed from the lake water by applying this method. Despite the satisfactory results obtained 
from this study, for large implementations, combined treatment with lanthanum-modified clay is 
relatively expensive, and cheaper alternatives to solid phase P- sorbents should be tried (Lürling 
& Oosterhout, 2013). 
 
Galvez-Cloutier et al. (2012) carried out an in-situ experiment in Saint-Augustin Lake, Quebec 
City, Canada. The project aimed to evaluate the effectiveness of alum and/or calcite 
implementations on water quality and biological community. The results indicated that using 
alum and calcite together was more efficient compared to alum and calcite only. Alum + calcite 
greatly reduced the total P concentration (76-95%) in lake water. In addition, by using alum + 
calcite technique, phytoplankton biomass decreased by 31%, Secchi depth was 106% greater, 
and chlorophyll-a concentrations were reduced by 19-78%. Although applying alum + calcite 
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was an effective technique for lowering P concentrations and thus improving the water quality of 
the lake, the TP concentrations were still above the critical limit (20 µg/L) after treatment. 
(Galvez-Cloutier et al., 2012; Wang & Jiang, 2016). Finally, Galvez-Cloutier et al. (2012) 
concluded that further studies involving this method need to be done in Saint-Augustin Lake to 
evaluate the TP reduction and the economic feasibility of their method as well.  
 
Drinking water treatment residuals (WTRs), which are inevitable by-products of potable water 
production, have the capability to adsorb many contaminants such as lead, chromium, mercury, 
etc. As a result, some researchers have recently attempted to use WTRs to remedy the 
contamination of these pollutants for natural environment. In lakes, WTRs are employed in the 
in-situ immobilization technique to control internal P loading originating from lake sediments 
(Babatunde and Zhao, 2007; Elkhatib et al., 2013; Wang and Jiang, 2016). Wang et al. (2012) 
investigated the capability of WTRs to immobilize P in the sediments taken from Lake 
Baiyangdian, and Lake Taihu in China. It was observed that the application of WTRs could 
stabilize inorganic P in the sediments. Approximately 250 g sediments (dry weight) used in this 
study. After adding 10% WTRs (proportions of the WTRs in the WTRs/sediment mixtures) to 
the sediment samples, inorganic P was immobilized within 10 days (Wang et al., 2012). 
Additionally, Razali et al. (2007) found that WTRs have the potential to adsorb various P species 
including phosphates and organic P. However, at present, the abilities of WTRs to control lakes 
internal P loading has only been tested in the short term (limited to 60 days) through laboratory 
experiments (Wang & Jiang, 2016).  
 
Another approach to mitigate eutrophication in lakes is to use constructed wetlands. Dunne et al. 
(2015) investigated long term P removal by a large-scale constructed wetland named the marsh 
flow-way located along the northwestern shore of Lake Apopka, Florida. This wetland treated a 
considerable amount of eutrophic lake water (about 30 m yr−1, as hydraulic loading rate). The 
average rate of phosphorus removal by the marsh flow-way was 0.85 g m−2 yr−1 (26 metric tons 
of phosphorus per year). Most of the P removed by this treatment wetland was in the particulate 
form. It was found that phosphorus removal performance changed according to the season. P 
removal rates increased during cool periods of the year (September–May) and decreased during 
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the warm summer periods (June–August) while operating costs didn’t change. Hydrologic short-
circuits, release of dissolve P from wetland during the first few years of operation, and internal 
nutrient cycling were some of the reported challenges that resulted in a reduction in TP removal 
performance in this experiment. An earlier pilot-scale treatment wetland project was done by 
Coveney et al. (2002) on the same site. The aim of the project was assessing the removal of 
suspended solids and particle-bound nutrients from lake water. Lake Apopka water was 
recirculated for 29 months. The results indicated that more than 90% of particulate matter was 
removed by the pilot wetland and concentrations of nutrients, especially phosphorus, were low in 
lake water. According to Coveney et al. (2002), the wetland had the potential for removing TSS 
and TP from lake water with the efficiencies of more than 85% and 30%, respectively. However, 
further studies are needed to prove the efficiency of wetland treatments for phosphorus removal. 
 
Barley straw has been tested as an alternative to chemical or physical treatment of small shallow 
lakes for the control of algal blooms (Ball et al., 2001; Ridge & Pillinger, 1996; Welch et al., 
1990). An experiment was carried out by Welch et al. (1990) to investigate the effect of rotting 
barley straw on the growth of the filamentous algae in a disused canal. The amount of 
filamentous algae reduced by the presence of straw while phosphate, nitrate, and ammonium 
concentrations did not change considerably and nitrite concentrations increased during warm 
summer periods. Although some studies have indicated that barley straw is capable of inhibiting 
algal growth (Ball et al., 2001; Welch et al., 1990), no method has shown capacity to completely 
solve the problem (Inoue et al., 2009). Moreover, using barley straw needs considerable 
management effort, and the long-term ecological safety of its use is still unknown. The presence 
of straw bales can restrict using water for angling and can interfere with water traffic (Ball et al., 
2001; Welch et al., 1990). 
 
As noted previously, cyanobacteria have the potential for producing cyanotoxins which pose 
risks to human health and cause various problems for aquatic ecosystems. A large enclosure 
experiment was done in a tropical mesotrophic reservoir with the purpose of evaluating the effect 
of red soil-based flocculant (RSBF) on removing cyanobacteria. The flocculant was made up of 
red soil, chitosan, and FeCl3. The results showed that application of RSBF was very effective in 
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removing cyanobacteria biomass, especially for spherical cell species like Microcystis spp. and 
Anabaena spp. However, cyanobacteria slowly recovered according to the dosage of flocculant. 
This modified flocculant greatly reduced concentrations of nutrients including total nitrogen, 
nitrate, ammonia, total phosphorus, and orthophosphate. Generally, the red soil-based flocculant 
was suggested as an effective substance for urgent treatment at local scales in cyanobacteria 
dominating reservoirs. However, information about the removal capacity of such new modified 
flocculant and the possible effect on other species is still limited (Peng et al., 2018). 
 
Several studies have shown that hydrogen peroxide (H2O2) has the potential for controlling 
cyanobacteria blooms. Matthijs et al. (2012) added 2 mg/L H2O2 to the entire water column of a 
recreational lake (Lake Koetshuis) using a water harrow which is a special dispersal device. In 
this experiment, the cyanobacterial population declined by 99% within a few days while 
zooplankton and macrofauna were not affected by H2O2 (Matthijs et al., 2012). A recent study 
indicated that H2O2 released by sodium carbonate peroxyhydrate (SCP) reduced phycocyanin 
concentrations and cell densities but did not have a significant effect on chlorophyll-a 
concentrations. Phycocyanin is an algal pigment presents in cyanobacteria and concentration of 
phycocyanin has been generally used to represent the cyanobacteria biomass in the field (Geer et 
al., 2017). Yang et al. (2018) tested H2O2 in a hyper- eutrophic aquaculture pond dominated by 
toxic cyanobacterial blooms. Results of this study demonstrated that H2O2 doses >1.3 mg/L 
effectively reduced cyanobacteria. However, the higher dosage of H2O2 (20 mg/L) exerted 
negative effects on zooplankton which were non-target organisms. Thus, research concluded that 
small scale studies need to be done to test different H2O2 concentrations before whole system 




Filtration is a physicomechanical technique used for separating solids from fluids by a porous 
medium or screen that allows the liquid to pass while retaining the solids (Taulbee & Maroto-
Valer, 2000). It is one of the most reliable techniques widely used in water treatment to remove 
suspended solids (Fukue et al., 2006). Most surface waters contain a wide variety of particles 
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such as algae, clay, sediment, and other organic and inorganic particles. However, filtration can 
eliminate these particles resulting in improvement of the water clarity. In addition, through the 
combined effect of chemical disinfection and filtration, microorganisms in surface waters can be 
removed. For these reasons, filtration is used in almost all surface water treatment facilities 
(Crittenden et al., 2012). In a conventional water treatment plant, filtration is the most significant 
process which has been developed over the years in order to produce water that meets higher 
water quality standards. Filtration usually follows coagulation, flocculation, and sedimentation in 
the process of treatment of water for drinking purposes. Granular filtration, using sand or other 
granular materials, was known as the only filtration method in the past. Nowadays, increasing 
attention is paid to nongranular filtrations, and they are becoming more popular (Binnie & 
Kimber, 2009; Spellman, 2009).  
 
2.8.1.1 Filtration methodology 
 
Filtration is defined as any process for the removal of two or more components from a 
suspension based on size differences (Cheryan, 1998). This process consists of passing water 
through a filter media which retains all particles bigger than its openings size while allowing the 
water to pass through its pores. (Binnie & Kimber, 2009). The four driving forces which help 
this process include gravitational, vacuum, pressure, and centrifugal (Perlmutter, 2015; Sahai, 
2000). There are several key factors that can affect the filtration process. They are chemical 
properties of the particles and water, filter pore size, grain size and shape, and filtration velocity. 
According to research carried out by Ives (1967; 1971), the main mechanisms of removing 
particles in filtration are gravity (or sedimentation), interception, hydrodynamic diffusion, 
attraction and repulsion. The contribution of each mechanism to filtration is dependent on the 
nature of water and its chemical characteristics (Brandt et al., 2017). Clogging is one of the main 
problems that can occur during filtration, leading to a decline in filtration flux. Generally, 
particles block inside or on the top of the filter when more than a few percent of solids is present 
in the fluid. The main four mechanistic models used to describe fouling are as follows (Grenier 
et al., 2008; Sarma, 2016): 
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• Complete blocking: pore entrances are completely sealed, thereby preventing any flow 
through them. 
• Intermediate blocking: a fraction of particles sealed pore entrances and the rest are 
deposited on top of them. 
• Cake filtration: solid particles accumulate at the surface in a permeable cake of 
cumulative thickness that adds a hydraulic resistance to filtration. 
• Standard blocking: particles accumulate inside the membrane on the pore walls, thereby 
reducing the membrane permeability. 
 
2.8.1.2 Filtration type 
 
The main two types of filtration are depth filtration and surface filtration.  
• Depth filtration 
In depth filtration, the particle removal from its carrying fluid is achieved by passing the fluid 
through a packed granular bed or fibrous filter media. As the stream flows through the filter bed, 
captured particles are transported to the surface of filter material, where they are then removed 
by different mechanisms such as straining by mechanical contact, flocculation, adhesion, 
aggregation, sedimentation, and diffusion. The attachment of particles to the media can occur 
due to the interactions between particles and inner filter surface. However, some particles still 
can remain in the fluid due to the detachment from filter surface and/or previously retained 
particles. The two main types of depth filtration media are ‘‘slow’’ and ‘‘rapid’’ granular media, 
such as anthracite, sand, diatomaceous earth, etc., which can effectively remove many particles 
from water and wastewater (Gao et al., 2012; Gitis et al., 2010; Zamani & Maini, 2009).  
 
• Surface filtration 
In surface filtration, particles, whose diameter are greater than the opening size of the filter, 
deposit on to the filter surface. The pore size of the filters is represented by the term AOS which 
is an abbreviation for apparent opening size. Efficiency of this method is highly dependent on 
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AOS and the particle size in the water body. Although deposited particles on the surface of the 
filter can clog and block it, they can form a layer of substrate with lower AOS than the filter 
itself, thereby facilitating filtering. This layer of substrate, called filter cake, can improve the 
function of many surface filters (Chapman, 2010). Materials that can be used as filter media in 
this type of filtration include cloth fabrics of different weaves, woven metal fabrics, and a variety 
of synthetic materials (Spellman, 2009). 
Moreover, membrane filtration is applied as an advance separation technology when there is the 
necessity of producing water free of all substances such as bacteria, microorganisms, 
particulates, and natural organic material. Membrane processes are increasingly used in a wide 
variety of applications such as water purification, desalination, ion separation, pharmaceutical 
and medical purposes, chemical processing, food processing, and material recovery. This method 
is the only filtration technology which can separate dissolved solutes in liquid streams or gas 
mixtures (Cheryan, 1998). In all types of membrane filtration methods, a driving force is needed 
to help the flow to circulate in the system (USEPA, 2005). 
Membrane filtration consists of a semi-permeable membrane which allows water and potentially 
a part of the dissolved or suspended material to pass. Based on the membrane pore size, filtration 
mechanism, and size of particles removed, membrane filtration can be classified to 
microfiltration (MF), ultrafiltration (UF), nanofiltration (NF) and reverse osmosis (RO) (Figure 
2-5). Specifically, particles with the size of 0.0007–0.005, 0.005–0.5, and 0.5–5 μm can be 
filtered out by NF, UF, and MF, respectively. RO can eliminate almost all pollutants larger than 
a water molecule (Brandt et al., 2017; Hoslett et al., 2018). Membranes can be made of a wide 
variety of materials including woven fibers (Chollom et al., 2017), metallic or polymeric 
materials (Waszak & Gryta, 2016), and ceramics (Mouiya et al., 2018). MF/UF can be used as a 
pretreatment prior to NF/RO to decrease the possibility of fouling in these following steps. In 
addition, MF and UF are very effective in eliminating bacteria from water. The performance of 
these membranes can be enhanced by some modification with different materials such as 
titanium dioxide (TiO2) nanoparticles or polyvinylpyrrolidone. NF shows high potential for 
removing specific contaminants such as pharmaceutically active compounds and ionic 
compounds. RO is needed for desalination of saltwater in places where seawater is used for 
drinking purposes. However, NF and RO are expensive treatment options as they need 
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pretreatment of the influent and a high level of expertise for operation and maintenance. Thus 
MF/UF can be applied instead of NF/RO in areas where production of drinking water is the main 
priority (Brandt et al., 2017; Hoslett et al., 2018). 
 
 
Figure 2-5 Comparison of membranes and their removal ability with particle size (Brandt et al., 
2017) 
 
Using chemicals to remove contaminants and organisms from water is very common in water 
treatment works. However, there are always concerns about the side effects of the chemicals in 
the treated water. For example, using chemicals in disinfection processes can lead to the 
formation of by-products which are undesired because of their potential to turn the water toxic, 
and chronic exposure to these by-products through ingestion, inhalation or dermal contact may 
pose risks to human health (Hu et al., 2018; Von Gunten et al., 2001). The use of alum as a 
coagulant is another example of the chemical application in the water treatment industry. This 
can increase aluminum concentration and therefore increase the toxicity of water (Cooke et al., 
1993). Also, residual aluminum salt that remains in the treated water can lead to Alzheimer 
disease. The reaction of alum with natural alkalinity in the water is another problem which 
results in pH reduction and low efficiency of coagulation in cold water (Liew et al., 2006). 
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Results of an experiment conducted by Rybak et al. (2017) also indicated that using coagulants 
for the purpose of lake restoration can lower pH and deteriorate light conditions, thereby posing 
a threat to lake ecosystems. Considering all the above discussed problems associated with 
chemical application, researchers have recently focused on developing technologies, capable of 
treating the water without using any chemicals. 
 
Fukue et al. (2004) carried out an experiment in Kasaoka Bay in Japan by using filter units 
installed on a barge to purify polluted sea water. In this manner, the filtering system can be 
simply moved to any area where water is contaminated and treatment is required. This ability 
makes the technique potentially cost effective. In Kasaoka Bay, the filtration system consisted of 
a purification vessel which contained 38 sand filter units with a total area of 205 m2. The results 
indicated that the SS were decreased from 30 mg/L to 2 mg/L. However, if the water is highly 
turbid, sand filters can clog frequently and thus require extensive cleaning. This can result in 
increased operational costs. Therefore, materials other than sand need to be evaluated as filter 
media (Fukue et al., 2004). 
Dr. Mulligan and her research team performed a laboratory scale filtration test for removing 
contaminated suspended solids from surface water. In this study, the filtration efficiencies of two 
nonwoven geotextiles, a woven geotextile, and a sand filter were compared. Among the four 
filters evaluated, the nonwoven geotextile with the highest permeability was the most effective 
media in terms of removing the total suspended solids from the water samples taken from Saint-
Lawrence River in Montreal, Canada. The overall removal efficiency by this filter was for 
turbidity 93-98%, for SS up to 98.9%, and for COD 65-71% for three selected sites with initial 
turbidity of 70, 20, and 120 NTU, respectively. According to Mulligan et al. (2009), this 
treatment is potentially economically efficient technology as it can be employed only as needed. 
Moreover, the development of this method can protect not only the public from dangerous 
pollutants but also the river and marine animals which can absorb these contaminants (Mulligan 
et al., 2009). 
Suspended solids (SS) can adsorb contaminants such as nutrients, bacteria, organic compounds, 
and heavy metals, which were released into water bodies. Phosphorus (P) is known as the major 
controlling factor in the propagation of algal blooms and eutrophication in surface waters. In 
 32 
order to control the growth of algal blooms, it is necessary to remove phosphorus (P) along with 
SS. Another experiment was conducted by Mulligan et al. (2011) to remove SS and P through a 
pilot scale on-site filtration unit using a nonwoven geotextile as the filter media. 
The results obtained indicated that a nonwoven geotextile with the thickness of 0.3 cm and  
apparent opening size (AOS) of 150 µm was effective in eliminating 61% of suspended solids as 
well as 41% of phosphorus, thereby supporting the potential of this technique for improving 
surface water quality in terms of SS and P removal.  
 
Lac Caron is a shallow, artificial, eutrophic lake located in Saint-Anne-des-Lacs, Quebec, 
Canada. As part of the restoration plan for this lake, Saminathan et al. (2014) performed a 
laboratory study with the aim of assessing the effectiveness of nonwoven geotextiles in reducing 
nutrients level as well as improving the lake water quality. In this study, two geotextiles with 
different apparent opening sizes were tested. Since clean sediments can act as adsorbent 
materials for nutrient, they were incorporated onto the filters to improve the efficiency of 
treatment. According to the results obtained, the total P (TP) concentration was decreased from 
40 µg/L to 10 µg/L, due to filtration. The overall TP, turbidity, and total N (TN) removal 
efficiencies of 62.5-75%, 77-85%, and 37-52% were achieved, respectively. In another study, 
Sarma (2016) carried out a small scale field experiment on the lake water with initial turbidity 
ranging from 9 to higher than 14 NTU. Custom-made geotextiles with different pore sizes were 
used as filter media to reduce contaminants in the lake water. The results of this study were 
promising for the SS, turbidity, TP, COD, and Chl-a removal. According to Sarma (2016), this 
filtration technique could be a potential alternative remediation method for improving the water 




Geosynthetics are permeable and flexible material sheets which are mostly used in geotechnical 
and geo-environmental applications. They are manufactured mainly from three types of 
thermoplastic polymers: polypropylene, polyester, and polyethylene (Heibaum, 2016; Prambauer 
et al., 2019). Among all geosynthetics, geotextiles are the most important category and they have 
been widely used over the past 45 years as drainage and filter materials in geotechnical 
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engineering works. Nowadays, demand for geotextiles on the market has risen sharply and over 
1400 million square meters of geotextiles are used in various applications every year (Palmeira 
& Gardoni, 2002; Prambauer et al., 2019). Geotextile filters have been successfully used as the 
substitute for graded granular filters in most of the drainage applications. The main reasons 
which make geotextiles successful over the conventional graded granular filters include their 
comparable performance, consistent properties, improved economy, and ease of placement. 
Moreover, this replacement can be justified due to the cost advantages from using less drainage 
aggregate, reduced excavation, eliminating collector pipes, using smaller sized drains and less 
wasted materials (Fischer, 1992). 
Polypropylene (PP), polyethylene terephthalate (PET), and polyethylene (PE) are the most 
frequently used material in the production of geotextiles. Moreover, different polyamides and 
chlorinated polymers make a small contribution to geotextile production (Prambauer et al., 
2019). Geotextiles are usually subdivided into three types including woven, nonwoven and 
knitted. Woven and knitted geotextiles are used when high tensile strength is needed. However, 
nonwovens are employed when porosity, robustness, and deformation capability are required 
(Heibaum, 2016). Nonwovens fabrics, which constitute the biggest share of geotextiles, exhibit 
better filtration and separation properties than woven geotextiles. This is due to the 3-
dimensional structure of nonwoven fabrics that results in high porosity and permeability with 
different pore opening sizes. In contrast, woven fiber sheets are characterized by their superior 
mechanical properties, and therefore they are employed in the field of soil reinforcement and 
stabilization. In terms of price, woven geotextiles are usually cheaper than non-woven types of 
the same strength (Li et al., 2016; Prambauer et al., 2019; Scholz, 2013). 
The five main categories for typical functions of geotextiles are separation, filtration, protection, 
drainage, and reinforcement.  
• Separation: to prevent two foundations with different properties from mixing with each 
other, as it is commonly needed in road and railway construction 
• Filtration: where water passes through the filter while retaining particles  
• Protection: where protection is required against mechanical damage 
• Drainage: where superfluous water should be collected from structures 
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• Reinforcement: geotextiles are an ideal reinforcement solution for an unstable or highly 
exposed environment (Prambauer et al., 2019; Scholz, 2013). 
Filtration performance of geotextiles primarily depends on the pore size and the permeability of 
the textiles. Generally, the pore opening size of the fabrics should be lower than the particles to 
capture them and the textile should be permeable enough to allow the fluid to pass through it 
(Luettich et al., 1992; Aydilek et al., 2005). As previously mentioned, non-woven geotextiles are 
usually made from very permeable and compressible materials. It should be noted that, by 
reducing the thickness of the geotextile under stress, its permeability coefficient and pore 
dimensions also decrease (Palmeira & Gardoni, 2002). Clogging happens when the geotextile’s 
permeability reduces to the point that flow through it results in the hydraulic system’s non-
performance (Miszkowska et al., 2017). Luettich et al. (1992) suggested the following criteria to 
minimize the risk of filter clogging: 
• Using the largest pore opening size which can satisfy the retention criteria 
• The largest porosity available should be used for nonwoven geotextiles, but not less than 
30% 
• The largest percent open area available should be used for woven geotextile, but not less 
than 4%. 
 
2.9 Problem of Lake Johanne 
 
Lake Johanne is a shallow lake located in the municipality of Saint-Anne-des-Lacs, Quebec, 
Canada. Since 2008, the government of Quebec has been analyzing the water quality of 22 lakes 
located in the watersheds of Sainte-Anne-des-Lacs through the Quebec Voluntary Lake 
Monitoring Network (RSVL) program in order to establish the trophic level of lakes and evaluate 
the changes in the lake’s water quality (ABVLACS, 2019). Based on the results obtained, Lake 
Johanne, as one of these lakes, is in an advanced intermediate stage of eutrophication due to the 
poor transparency and elevated concentration of nutrients (phosphorus) and chlorophyll-a. The 
lake was exposed to algal blooms in the past years (2004-2012), which could advance 
degradation of the lake and prevent further usage of the water for different purposes such as 
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recreational activities. (Lapierre, 2012; MDDELCC, 2019b; Municipality of Sainte-Anne-des-




There are several different methods which have been suggested and tested in many eutrophic 
lakes to remediate them. However, most of these techniques are not economically feasible to 
implement for small shallow lakes due to the large operations and construction designs that 
would be involved. Also, the existing treatments may not follow the principles of ecological 
restoration. As previously discussed, suspended solids are a significant cause of water quality 
deterioration as most of the pollutants present in the water can be adsorbed onto the surface of 
suspended solids and then released to the overlying water under certain condition. These 
pollutants which contain nutrients promote the growth of algae, leading to a variety of issues 
such as oxygen depletion and release of toxins in the water. Therefore, the removal of suspended 
solids is essential for improving water quality as well as reducing the risk of algal blooms and 
eutrophication associated with the elevated level of phosphorus in the water. In-situ filtration is a 
recent technology which seems to be the easiest, low-cost, and reliable water treatment technique 
through SS reduction without using any chemicals. Thus, more studies on this method were 
undertaken in this thesis. 
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3 MATERIALS AND METHODS 
 
3.1 Lake description and morphology 
 
Lake Johanne is a shallow lake located in the municipality of Sainte-Anne-des Lacs, Quebec, 
about 75 km north of downtown Montreal in the Laurentian Mountains. The geographical 
coordinates of the site are 74°08'19" W and 45°50'23" N. The maximum and the average depth 
of the lake are 3.1 and 1.7m, respectively. The lake has a surface area of 0.04491 km2 and the 
volume of the lake is approximately 76,300 m3. The watershed area, including the lake, is 0.254 
km2 (ABVLACS, 2019; Quebec Commission of Toponymy, 2019). According to CRE 
Laurentides (2019), the altitude of the lake is 301 m and the renewal time and drainage ratio of 
the lake are 0.47 years and 6.14 respectively.  
The lake is surrounded by wild trees and there are some privately owned houses with lawns 
around the lake shore. Some of the owners use their properties all-year round, while others use 
their houses just in the summer. The primary sources of water in the lake can be highlighted as 
natural precipitation, snow melt, surface runoff and an outflow from its adjacent, small wetland 
which is connected to the lake via a drainage pipe. This pipe carries some of the nutrients and 
organic matter to the lake from the wetland, and from the forest area around it (Veetil et al., 
2018). The photo and map of lake Johanne are depicted in Figure 3-1 and Figure 3-2 
respectively. 
 
Figure 3-1 Photo of Lake Johanne 
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Figure 3-2 Map of Lake Johanne (ABVLACS, 2019) 
 
3.2 Sample collection and storage 
 
Water samples were collected during the summer and fall of 2017 and 2018. Usually during July 
to September of each year, the lake water shows its worst condition in terms of water quality and 
the amounts of blue-green algae blooms. As it is indicated in Figure 3-3, Lake Johanne was 
divided into 15 stations spanning the whole lake, which helps to monitor and analyze the water 
quality throughout the lake. Water samples were obtained from these stations using 50 ml glass 
tubes for chemical tests, as well as 1L amber color bottles for measuring the total suspended 
solids and for particle size analysis. It should be noted that all glass tubes and amber bottles were 
initially washed three times with the lake water, then they were used for sampling. Some in-situ 
measurements of variables such as turbidity, water pH, water temperature, dissolved oxygen, etc. 
were taken at the time of sampling. Furthermore, a setup was installed beside the lake for the 




Figure 3-3 Location and map of Lake Johanne showing sampling stations and the location of 
filtration experiments (Google Maps, 2019; Satellite map of Lac-Johanne, 2019) 
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Samples taken from the sampling stations were labeled according to the station number along 
with the date and time of sampling. With regards to the filtration experiment, samples were taken 
and labeled before running the filtration, during the period of filtration, and at the end of the 
filtration for each experiment. All the collected samples were kept in a dark cooler to control 
their temperature and prevent any physical, chemical, and biochemical reactions. Then, the 
samples were transported to Concordia University laboratory, where they were stored in an 
incubator at a temperature of 4°C prior to further use. 
 
3.3 Filtration equipment 
 
3.3.1 Filtration unit 
 
To achieve the goal of this study, which is to improve the lake water quality in terms of nutrients, 
total suspended solids, and turbidity, a series of small-scale field experiments using geotextiles 
as filter media were performed onsite by means of a laboratory scale filtration unit. The 
schematic diagram of this unit is indicated in Figure 3-4. 
 
Figure 3-4 Schematic diagram of geotextile filtration unit 
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The filtration unit comprises a cylindrical column, made of plexiglass, with an internal diameter 
and a height of 20 cm and 25 cm respectively, as well as a square-shaped base, as filter support, 
with a circular hole at its center with the same inner diameter of the cylinder. The filtration 
column was placed on top of the base to hold water and support a hydraulic head of 18 cm above 
the geotextile filters. The filtration column and the square-shaped base were fixed and tightened 
together using screws and a water pump was used to pump the water into the top of the filtration 
column. To prevent water overflow, a level controller, which is able to turn on and off the pump 
automatically, was installed at a height of 18 cm. Whenever the water head reaches 18 cm, the 
water level controller would stop the pump. Figure 3-5 illustrates the photo of the filtration unit. 
 
 
Figure 3-5 Photo of the filtration unit 
 
3.3.2 Field filtration setup  
 
Filtration tests were performed in a square-shape tank with a 35.6 cm height, a 97.8 cm width, 
and a capacity of 543 L. This tank was placed in a suitable location beside the lake, then it was 
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filled with 300 L of the lake water by means of a submersible pump. After this, the filtration unit 
was placed on a piece of foam with the aim of floating the whole unit on the surface of tank 
water. The foam which was made of polystyrene had a circular hole at its center with the exact 
diameter of the filtration column (20 cm) to pass the filtered water into the tank again. 
Ultimately, the filtration unit, with selected geotextile filters, along with the polystyrene foam 
were placed on the water to float in the tank. In order to filter all the water inside the tank, water 
was continuously circulated with the aid of four submersible pumps in the tank. The power of 
these pumps was supplied from the private property located near to the experiment setup. The 
flow rate of the pump that was used for supplying water through the filtration unit was 8 L/min. 
an EXO2 multiparameter sonde (YSI, 2019) was kept inside the tank to measure the physical and 
biological parameters of the lake water during the experiments. Long-term deployment of the 
probes provided an almost continuous record of alterations in the parameters monitored in the 
tests. The whole filtration setup was covered by a tarpaulin with the aim of protecting the setup 
from rain and other external damage. The schematic diagram and photo of the field experiment 
setup are illustrated in Figure 3-6 and Figure 3-7. 
 
 




Figure 3-7 Photo of field experiment setup  
 
Before running an experiment, water samples were taken and turbidity of the water was 
measured using an Oakton turbidity meter. The water was then pumped into the top of the 
filtration column and passed through a set of a selected combination of geotextiles of distinct 
apparent opening sizes, and then returned to the tank for subsequent refiltration. The average 
duration of each experiment was eight days and treated water samples were collected during this 
period. As the suspended solids were captured by geotextile filters, the hydraulic head slowly 
increased and the water permeability through the filters gradually decreased. However, the unit 
could filter the water smoothly and there was no need for changing the geotextile filters. 
 
3.3.3 Filter media 
 
In this study, non-woven geotextiles of different apparent opening sizes, which were supplied by 
Titan Environmental Containment Inc., were used as filter media. Different combinations of 
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these geotextiles, with varying numbers of layers (5 or 6 layers), were tested during the field 
experiments. The geotextile filters, made of polyester and polypropylene, were cut in circular 
shape with a diameter of 22 cm prior to placing them on the filter support. In each test, a stack of 
5 or 6 filters was used in a way that the filter with high AOS was placed on the top, followed by 
other filters with reducing AOS. Some of the characteristics of selected geotextile filters tested in 
this study are given in Table 3-1. 
 
Table 3-1 Characteristics of the geotextiles used in this study 
Filters Material 
Apparent Opening Size 
(AOS) (μm) 
Mass Per Unit 
Area (g/m2) 
TE-GTX300 polyester (PET) 110 300 
TE-GTT100-100 polypropylene (PP) 100 150 
TE-GTT120-90 polypropylene (PP) 90 120 
TE-GTT200-70 polypropylene (PP) 70 200 
TE-GTN350 A polypropylene (PP) 75 350 
TE-GTN350 B polypropylene (PP) 65 350 
 
A total of sixteen experiments with different combinations of geotextiles were performed during 
the summer and fall of 2017 and 2018 with the aim of determining the best combination which 
provides maximum efficiency in eliminating suspended solids and nutrients. In order to improve 
the filtration efficiency, water that passed through the filter media and returned to the tank was 
again pumped to the filtration unit and this process was continued throughout the experiment 
duration. As the water passed through the filter media, smaller particles that were captured by 
filters filled the pores, thereby decreasing the pore sizes. This process increased the efficiency of 
filter media in terms of removing the smaller sized particles from the water and hence improved 




3.3.4 Sampling during field experiments 
 
In this study, sixteen experiments with different combinations of geotextiles were conducted 
beside Lake Johanne from June to October of 2017 and 2018. Each experiment was performed 
for an average of eight days. To find out the initial condition of water, before starting each 
experiment, turbidity was measured and water samples were collected for chemical analyses, 
measuring total suspended solids, and particle size analyses. Furthermore, some other parameters 
such as pH, temperature, dissolved oxygen, redox potential, and chlorophyll-a were measured 
using a YSI multi-probe meters for experiments carried out in 2017. During the period of each 
experiment, these parameters were measured hourly by deploying the sonde in the tank. After 
running each experiment, the turbidity of the water was measured, and water samples were 
collected to measure total suspended solids, particle size, total phosphorus, COD, total nitrogen 
and nitrate. Collected samples were placed in a cooler to preserve properly and prevent any 
changes in them and were then transported to the Concordia University laboratory, where they 
were stored in an incubator at a temperature of 4°C prior to further use. 
 
3.4 Analytical measurements 
 
3.4.1 Total suspended solids (TSS) 
 
The standard procedure of ASTM method (D5907-13) was used to measure total suspended 
solids in the water. According to this method, glass fiber filters with pore size of 0.45 µm and 
diameter of 47 mm, were washed with three successive volumes of deionized water by means of 
a vacuum pump (Figure 3-8). The suction was continued until all traces of water were removed. 
Then, the filters were dried in an oven at 103ºC to 105 ºC for at least one hour. After that, filters 
were cooled in a desiccator and weighed using a digital balance with the detection limit of 
0.001g. Following the same procedure, a water sample was then filtered through one of the 
prepared filters. The dissolved material passed through the filter while the particulate material 
retained on it. The filter was dried in the oven at the same temperature (103ºC to 105 ºC) for one 
hour, cooled in the desiccator, and then weighed. Finally, the total suspended solids (TSS) was 









In this study, water samples were analyzed for total phosphorus (TP) and dissolved phosphorus 
(DP). All the analyses were performed using HACH TNT plus 843 test kits (Figure 3-9) 
according to the ascorbic acid method (method 10209/10210). Unfiltered samples were analyzed 
for TP while filtered samples were required for measuring DP. Therefore, water samples were 
first filtered through a syringe filter with a pore size of 0.45 µm, and then the same ascorbic acid 




Figure 3-9 HACH test kit and spectrophotometer used for analyzing TP and DP 
 
3.4.3 Chemical oxygen demand 
 
The chemical oxygen demand (COD) test was performed to measure the amount of oxygen 
consumed to chemically oxidize organic matter in a water sample. In this study, COD analyses 
were done using HACH TNT plus 820 test kits following the USEPA reactor digestion method 
(method 10211). This method, which is able to measure COD in the range of 1-60 mg/L, is 
usually employed for wastewater, water, and surface water quality monitoring. 
 
3.4.4 Total nitrogen  
 
As previously mentioned, nitrogen is found in different forms in water bodies. Total nitrogen 
represents all forms of nitrogen present in a water sample, and therefore it is the most common 
form of nitrogen which is determined. In this study, measurement of total nitrogen was done 
using HACH TNT plus 826 test kits according to the persulfate digestion method (method 
10208) published in the HACH water analysis book. This test kit is able to measure total 






Nitrate is one of the major forms of nitrogen that is usually present in surface and groundwaters. 
Phytoplankton can immediately take up this form of nitrogen. Elevated concentration of NO3
- in 
water can pose a serious threat to the environment and public health. The presence of high 
concentration of nitrate along with phosphorus in water bodies stimulates heavy algal growth, 
thereby promoting eutrophication. The amount of nitrate in the collected water samples was 
measured by following the dimethylphenol method (method 10206) as specified in HACH water 
analysis book. HACH TNT plus 835 test kits, which are able to measure nitrate in the range of 
0.23-13.5 mg/L NO3
-_N, were used for nitrate analyses in this study. 
 
3.4.6 Particle size distribution 
 
The particle size distribution for the water samples was determined using the Laser Scattering 
analyzer (HORIBA, LA-950V2) as indicated in Figure 3-10. This instrument is capable of 
measuring the particle size of wet or dry samples within a range of 0.01 - 3000 µm. Basically, to 
determine particle size with laser scattering method, the correlation between the intensity and the 
angle of light scattered from a particle is detected by the instrument which then calculates the 
particle size according to a specific theory (Mie-scattering theory). For the samples containing 
particles with different sizes, a pattern of scattered light defined by density and angle are 
produced (HORIBA, 2019). In this study, measurements were done for each sample and the 
distribution of the particles sizes was generated using Excel Microsoft Office by plotting the 




Figure 3-10 Laser Diffraction Particle Size Analyzer (HORIBA LA 950-V2) 
 
3.4.7 Water parameters 
 
A YSI EXO2 multiparameter (Hoskin) sonde with corresponding probes (YSI, 2019) was 
employed in-situ to measure physical and biological water quality parameters such as 
temperature, pH, turbidity, dissolved oxygen (DO), oxidation-reduction potential (ORP), 
chlorophyll-a and blue-green algae-phycocyanin (BGA-PC) for experiments done in 2017. The 








As outlined earlier, the main goal of this study was to remove suspended solids from lake water 
in order to alleviate the problems associated with suspended solids loading in water bodies. To 
achieve this goal, filtration tests were performed using non-woven geotextiles as filter medium. 
In this chapter, the overall water quality of Lake Johanne and the results of filtration experiments 
are discussed. 
 
4.2 Lake water quality 
 
In this study, the changes in water quality parameters were monitored in lake Johanne during 
summer and fall of 2017 and 2018. Six samplings were performed in 2017 and eight samplings 
were done in 2018 on this lake using a pedal boat. Table 4-1 shows the number of samplings 
conducted in each month. In each sampling, water samples were collected from different stations 
shown in Figure 3-3 to measure total phosphorus, total suspended solids, chemical oxygen 
demand, total nitrogen and nitrate levels. Turbidity of lake water was measured onsite using a 
portable turbidimeter (Oakton). Also, in-situ measurements were performed for various variables 
such as temperature, pH, dissolved oxygen (DO), redox potential (ORP), electrical conductivity, 
and chlorophyll-a using a YSI sonde for samplings done in 2017. 
 
Table 4-1 Number of samplings conducted in each month 
year 
Number of samplings 
June July August September October 
2017 1 2 2 1 - 
2018 2 1 3 1 1 
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For each sampling, the values of water quality parameters of different stations were averaged to 
better demonstrate the overall lake water quality. The average results of the measurements are 
presented in the following sections and also in Table 4-2.  
 
Table 4-2 Overall water quality of lake Johanne (Jul.-Sept. 2017) 
Parameter Value 
Temperature (ºC) 22.2 ± 3.9 
pH 8.0 ± 0.3 
Dissolved oxygen (mg/L) 9.0 ± 0.6 
Oxidation-Reduction Potential (mV) 176.5 ± 62.6 
Electrical conductivity (µS/cm) 164.2 ± 10.6 




Temperature is one of the main factors that affects lake water quality. Water temperature may 
exert effects on many physical, chemical and biological properties of lake water and has defining 
influence on the amount of dissolved oxygen in the water. Water temperature changes seasonally 
and is normally higher in the summertime. In general, as water temperature increases in summer, 
biological activity also increases in water as well. Temperature of Lake Johanne water varied in 
the range of 23.5ºC to 25.3ºC during the summer, whereas in the fall, it dropped to around 17ºC. 
Table 4-3 shows the average temperature of Lake Johanne from July to September of 2017. 
 
Table 4-3 Temperature of Lake Johanne from July to September of 2017 
Parameter ºValues (ºC) 
Temperature 
July August September 





According to the CCME (2019), the pH range for the protection of aquatic life in the surface 
water is 6.5-9. As pH level moves away from this range, regardless of moving up or down, it can 
influence the quality of water through releasing nutrients (especially phosphorus) from 
sediments, thereby making them more accessible for plant growth. The pH levels of Lake 
Johanne ranged between neutral to slightly alkaline (7.9-8.4) with the average value of about 8 ± 
0.3, which is within the recommended limit for the Quebec surface water criteria. Table 4-2 
indicates the average pH value of the lake water during the summer and fall of 2017. 
 
4.2.3 Dissolved oxygen (DO) 
 
Dissolved oxygen is an important parameter in determining water quality in a body of water. 
This parameter has a significant effect on the health of the aquatic system and the higher the DO 
level in the water, the healthier the aquatic life is. According to CCME (1999), the lowest 
acceptable dissolved oxygen concentration in fresh water for the protection of aquatic life is 5.5-
6.0 mg/L in warm water as well as 6.5-9.5 mg/L in cold water (CCME, 1999a). The average 
dissolved oxygen concentration in Lake Johanne water samples during the summer and fall of 
2017 was about 9 ± 0.6 mg/L, which is above the acceptable limit to support aquatic life. Table 
4-2 shows the average dissolved oxygen level during the monitored months in 2017. 
 
4.2.4 Oxidation-Reduction Potential (ORP) 
 
Oxidation-reduction potential is measured to determine the oxidized or reduced state of water 
bodies. This parameter represents the ability of a lake or a river to cleanse itself through breaking 
down the pollutants and dead plants and animals by oxidation. The higher the ORP value, the 
more likely a water body is to cleanse itself and thus, the healthier it is. In general, for better 
quality of surface water, ORP value must be in the range of 300 to 500 mV (Chapman & 
Kimstach, 1996; Environment and Natural Resources, 2019b). Also, the ORP value of less than 
200 mV designates a high amount of contaminants in the water and reduced state of water bodies 
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(ERD, 2012). The oxidation-reduction potentials of Lake Johanne water samples were in the 
range of 108.9 mV to 232.4 mV during July to September 2017. The average value of ORP was 
176.5 ± 62.6, which indicates the poor quality of the lake water.  
 
4.2.5 Electrical conductivity (EC) 
 
Conductivity indicates the ability of water to conduct an electrical current and it is directly 
related to the concentration of dissolved salts in the water. Salts are introduced through surface 
runoff and weathering processes; therefore, conductivity is influenced mainly by the types of 
rock and soil of the area surrounding water bodies. Lake Johanne falls within the Canadian shield 
and as the Canadian shield is predominantly made up of hard rocks which do not break down 
easily and are difficult to erode, it causes the lake to have a lower conductivity due to lower soil 
content. Pristine water bodies are characterized by a range of conductivity values between 0 
µS/cm to 200 µS/cm (Environment and Natural Resources, 2019a) and the electrical 
conductivity of Lake Johanne water samples ranged between 152.1 µS/cm and 171.5 µS/cm 
during the summer and fall of 2017. The conductivity value decreased from summer to fall, 
which could be as a result of the decrease in water temperature. Table 4-2 shows the average 




Chlorophyll-a is the photosynthetic pigment that gives algae and plants their green color. This 
parameter is measured to estimate the algal concentration or lake productivity, as the 
concentration of chlorophyll-a is directly related to the amount of algae present in the water. The 
concentration of chlorophyll-a in the water column is one of the key parameters which help to 
estimate the trophic level of lake water (Figure 4-1). For Lake Johanne, the chlorophyll-a 
concentrations of water samples varied between 9.4 and 20.2 µg/L during the summer and fall of 
2017. The maximum value of chlorophyll-a concentration was found in August (20.2 µg/L) 
which was followed by a decrease in September (9.4 µg/L). The average concentration of 
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chlorophyll-a was 14.5 ± 6.1 µg/L, which places the trophic state of the lake in the eutrophic 





Figure 4-1 Concentration of chlorophyll-a vs trophic classification diagram (MDDEP) 
 
4.2.7 Total suspended solids (TSS) 
 
Excess concentration of suspended solids in water can pose many problems for the health of 
aquatic ecosystems as well as water quality. Figure 4-2 indicates the concentrations of total 
suspended solids in Lake Johanne water samples collected during different months of summer 
and fall of 2017 and 2018. 
 
 
Figure 4-2 Concentration of total suspended solids of Lake Johanne water during 2017 and 2018 
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From Figure 4-2, the concentration of total suspended solids was below the criterion 
recommended by MELCC (2019) for TSS in clean water (25 mg/L) during 2017 and 2018. In 
both years, the average concentration of total suspended solids increased from June to August 
and then decreased during the following months. Also, a comparison of the year 2017 and 2018 
showed that the TSS values were almost the same for the same months from June to September. 
The maximum and minimum concentrations of total suspended solids for Lake Johanne water 
were found in August and June with the values of 5.9 and 2.7 mg/L in 2017 as well as 5.7 and 




Turbidity, which is a key test of water quality, is a measure of the lack of transparency or clarity 
of water due to the presence of suspended solids and dissolved colored material. The higher the 
concentration of these particles in water, the more turbid the water becomes (CCME, 2002). 
According to water quality guidelines used in Quebec (Environment and Climate Change 
Canada, 2019), the maximum acceptable turbidity value in the surface water is 10 NTU. 
 
Figure 4-3 shows the turbidity values of Lake Johanne during different months of summer and 
fall of 2017 and 2018. 
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Like TSS concentration, in both years, the turbidity value of lake water was maximum in August 
with the value of 4.2 NTU and 4 NTU in 2017 and 2018, respectively. The average turbidity 
values for all the different months were below the allowable limit recommended by Environment 
and Climate Change Canada (2019). Since June 2017, the average turbidity value continuously 
increased and reached its maximum value in August (4.2) which was followed by a decrease to 
its minimum value (2.9) in September of the same year. In 2018, the turbidity value of the lake 
water decreased from 4 NTU in August to 2.7 NTU in October. The turbidity values were almost 
the same in 2017 and 2018 in August. 
 
Figure 4-3 Turbidity values of Lake Johanne during 2017 and 2018 
 
4.2.9 Total phosphorus (TP) 
 
The average total phosphorus concentration of the lake water during different months of summer 
and fall of 2017 and 2018 are depicted in Figure 4-5. To plot this chart, the total phosphorus 
concentrations of all the stations were averaged for each sampling and the final value was 
calculated by averaging the values of all the samplings for the months in which more than one 
sampling was performed. For reproducibility of the data, each sample was tested in duplicate and 
the average was reported. According to the trophic status classification (MDDEP, 2012), if the 
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concentration of total phosphorus in a water body exceeds 30 µg/L, it indicates that the water 
body is in the eutrophic condition (Figure 4-4). 
 
 
Figure 4-4 TP concentration vs trophic classification (MDDEP) 
Figure 4-5 shows the average concentration of TP during the monitored months in summer and 
fall of 2017 and 2018. The concentration of total phosphorus varied in the range of 13.9 µg/L to 
17.1 µg/L during June to September of 2017 as well as 8.9 µg/L to 14.4 µg/L from June to 
October of 2018. The average concentration of total phosphorus in the lake water was 15.7 µg/L 
in 2017 and 11.5 µg/L in 2018, which indicated that the water was enriched by nutrients and it 
was in the mesotrophic condition (Figure 4-4). In both years, the maximum concentration of TP 
was found in the month of June, which was followed by a decrease in July.  
 
 
Figure 4-5 Total phosphorus concentration of Lake Johanne water during 2017 and 2018 
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4.2.10 Chemical Oxygen Demand (COD) 
 
Figure 4-6 presents the average concentration of chemical oxygen demand in the lake water 
during various months in summer and fall of 2017 and 2018. There is no specific guideline 
recommending the COD threshold value for the protection of aquatic life in surface water in 
Quebec. However, World Health Organization (WHO) mentioned that the COD concentrations 
in surface waters vary from 20 mg/L or less in unpolluted waters to greater than 200 mg/L in 
waters polluted by effluents (Chapman & Kimstach, 1996). Figure 4-6 indicates that the average 
concentration of COD was above the limit (20 mg/L) in all monitored months except in June 
2017 and 2018, even though the maximum value was higher than 20 mg/L in June 2018. The 
average COD concentration varied in almost the same range in both years; 15.8 mg/L to 29.7 
mg/L in 2017 as well as 15.9 mg/L to 27 mg/L in 2018. It also showed the same increasing trend 
from June to August of both monitored years. However, the average concentration gradually 
decreased from August to October of 2018 as compared to that in 2017 which slightly increased 
from August to September. 24.6 mg/L and 23.1 mg/L were the average COD concentration of 
the lake water in 2017 and 2018, respectively. 
 
 
Figure 4-6 COD concentration of Lake Johanne water during 2017 and 2018 
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4.2.11 Total nitrogen (TN) 
 
Like phosphorus, nitrogen is also an essential nutrient for aquatic plant growth, but elevated 
concentration of it in water can lead to overstimulation of growth of algae and eutrophication. 
Figure 4-7 presents the average concentration of total nitrogen in the lake water samples 
collected during different months of summer and fall of 2017 and 2018. Like COD, there is no 
specific guideline for total nitrogen concentration for the protection of surface water quality in 
Quebec. However, Environment Canada (2014) has recommended 1 milligram of nitrogen per 
liter as a guideline value to protect surface water in Quebec. According to Figure 4-7, the 
average concentration of TN was below 1 mg/L during all the monitored months. However, the 
maximum concentration of total nitrogen during August 2018 was very slightly above the 
acceptable limit (1.04 mg/L). In both years, the average total nitrogen concentration showed 
almost the same trend from June to September. In 2017, the concentration of total nitrogen 
ranged between 0.23 mg/L and 0.7 mg/L, with an average concentration of 0.52 mg/L, while in 
2018, it varied in the range of 0.74 mg/L to 0.99 mg/L, with an average concentration of 0.85 





Figure 4-7 TN concentration of Lake Johanne water during 2017 and 2018 
 
4.2.12 Nitrate (NO3-) 
 
Nitrate is one of the nitrogen forms that can be taken up by algae and aquatic plants. However, 
the overabundance of NO3
- in water can cause eutrophication and its associated problems such as 
oxygen depletion. The average concentration of nitrate in Lake Johanne water samples is given 
in Figure 4-8. The Government of Canada (2008) has recommended that the nitrate concentration 
should be lower than 2.9 mg NO3
--N/L for the protection of surface water quality in Quebec. As 
clearly shown in Figure 4-8, the average NO3
- concentrations during various months of summer 
and fall of 2017 and 2018 were sufficiently below the guideline value. The concentration of 
nitrate gradually decreased from June to September 2017, whereas in 2018, the nitrate 
concentration increased from June to August, and then decreased during the following months. 
The average concentration of nitrate during all the monitored months was found as low as 0.09 
mg/L in 2017 and 0.12 mg/L in 2018. 
 
 
Figure 4-8 Nitrate concentration of Lake Johanne water during 2017 and 2018 
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4.2.13 Particle size distribution (PSA) 
 
The particle size distribution of water samples collected during different months of summer and 
fall of 2017 and 2018 is shown in Figure 4-9. The graph is shown on a semi-logarithmic scale 
with particle diameter (µm) in x-axis as well as cumulative frequency (%) in y-axis. For each 
sampling, the values of different stations were averaged. Also, for the months in which more 
than one sampling was performed, the final values were calculated by averaging the values of all 
the samplings conducted. Particles within a range of 0.01 to 1 µm are known as colloids, 1 to 4 
µm as clay, 4 to 60.5 as silt, and 60.5 to 2000 µm as sand. As it is clearly shown in Figure 4-9, 
most of the particles in Lake Johanne water samples collected in 2017 and 2018 were silt. d50 
and d90 describe the diameter where fifty and ninety percent of the distribution has a smaller 
particle size, respectively. d50 ranged from 7.3 µm to 33.1 µm and d90 varied from 43 µm to 70 
µm during the monitored months in 2018. For the water samples collected in 2017, d50 and d90 
values were in a range of 8.1 µm to 34.2 µm and 51.5 to 88.5, respectively.  
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Figure 4-9 Particle size distribution of water samples in 2017 and 2018 
 
4.3 Filtration experiment results 
 
In this study, a total of sixteen experiments using a filtration technique were executed besides the 
lake with the aim of evaluating the effectiveness of non-woven geotextiles in reducing suspended 
solids and nutrient concentrations and therefore improving the overall water quality. To 
accomplish this goal, customized non-woven geotextiles with different apparent opening sizes 
ranging from 65 µm to 110 µm were used as filter media during the filtration process. Different 
combinations of these geotextiles were tested to determine the best combination which provides 
maximum efficiency in eliminating suspended solids and nutrients to the allowable limits. In 
each experiment, a set of 5 or 6 filters was used in a way that the filter with the highest AOS was 
placed on the top to capture larger suspended solids. Table 4-4 shows the combinations of filters 
used in each experiment. 
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Table 4-4 Geotextile combination of each experiment 
Experiment No. Geotextile Combination 
1 2*110 + 2*90 + 1*75 µm 
2 2*110 + 2*90 + 1*75 µm 
3 2*110 + 2*90 + 1*75 µm 
4 2*110 + 1*90 + 1*75 + 1*65 µm 
5 2*110 + 1*90 + 1*75 + 1*65 µm 
6 2*100 + 2*90 + 2*70 µm 
7 2*100 + 2*90 + 2*70 µm 
8 1*110 + 1*100 + 1*90 + 1*70 + 1*65 µm 
9 1*110 + 1*100 + 1*90 + 1*70 + 1*65 µm 
10 2*110 + 1*90 + 1*75 + 1*65 µm 
11 2*110 + 2*90 + 1*75 µm 
12 1*110 + 1*100 + 1*90 + 1*70 + 1*65 µm 
13 1*110 + 1*100 + 1*90 + 1*70 + 1*65 µm 
14 1*110 + 1*100 + 1*90 + 1*70 + 1*65 µm 
15 1*110 + 1*100 + 1*90 + 1*70 + 1*65 µm 
16 1*110 + 1*100 + 1*90 + 1*70 + 1*65 µm 
110 µm: GTX300, 100 µm: GTT100-100, 90 µm: GTT120-90, 75 µm: GTN350 A 70 µm: GTT200-
70, 65 µm: GTN350 B  
 
As indicated in Table 4-4, each combination of geotextile filters was tested numerous times to 
ensure the reproducibility of the results. According to the combination of geotextiles used, 
experiments were categorized into four different groups as shown in Table 4-5 . 
 
Table 4-5 Classification of the experiments based on geotextile combination 
Category Geotextile Combination Experiment No. 
 63 
1 2*110 + 2*90 + 1*75 µm 1,2,3,11 (2017) 
2 2*110 + 1*90 + 1*75 + 1*65 µm 4,5,10 (2017) 
3 2*100 + 2*90 + 2*70 µm 6,7 (2017) 




As previously mentioned, the excess amounts of suspended solids and nutrients in the water can 
overstimulate the growth of algae and impair the water quality. This may pose a serious threat to 
the health of aquatic life and eventually, human health through the food chain. The more the 
water is affected by contamination, the more likely it is to influence the food chain. Therefore, in 
this study, the best results were selected based on the decrease in the concentrations of water 
quality parameters such as total suspended solids, turbidity, phosphorus, chlorophyll-a, etc. In 
the following sections, discussion has been made independently for each contaminant with 
respect to each filter combination and the percentage removal was calculated using the initial and 
final values over the experimental period.  
 
4.3.1 Filter combination: 2*110 + 2*90 + 1*75 µm (category 1) 
 
Four experiments were conducted using this geotextile combination as filter media. They were 
experiment numbers 1, 2, 3, and 11. In these tests, two layers with the AOS of 110 microns were 
placed on the top, followed by two layers with AOS of 90 microns and one layer with the AOS 
of 75 microns, respectively. Table 4-6 shows the initial concentrations of different water quality 
parameters. For all the experiments in this category, the initial concentrations of turbidity, total 
suspended solids, total phosphorus, total nitrogen, and nitrate were below the acceptable limits 
while the initial concentrations of COD were above the acceptable level (20 mg/L). 
 
Table 4-6 Initial water condition of each experiment of category No. 1 





















1 4.47 5.00 16.5 23.90 0.422 0.091 
2 3.43 1.57 15.0 24.60 0.805 0.152 
3 3.90 4.87 15.0 26.75 0.785 0.097 
11 3.04 2.80 8.01  29.65 0.930 0.053 
 
The removal trend of total phosphorus for experiments 1, 2, 3, and 11 are depicted in Figure 
4-10. According to Table 4-6, the initial total phosphorus concentrations were in the range of 15 
to 18 µg/L, which indicated that the lake was in the mesotrophic condition. The experiments 
were run for 7 to 10 days continuously and the TP content decreased to 7-11 µg/L due to the 
filtration. It is clearly seen in Figure 4-10 that this combination improved the trophic state of the 
lake water from mesotrophic to oligotrophic. The overall total phosphorus removal efficiency by 
filters was between 33.3% (Exp 1) and 61.1% (Exp 11).  
 
Figure 4-10 Removal trends of total phosphorus for the experiments in category No. 1 
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The removal patterns of COD for experiments 1, 2, 3, and 11 are shown in Figure 4-11. As 
previously mentioned, the COD concentration is 20 mg/L or less in unpolluted water. The initial 
COD concentration for all experiments was above 20 mg/L, ranging from 23.9 mg/L in 
experiment 1 to 29.6 mg/L in experiment 11. For experiments 1 and 2, COD concentration was 
reduced to 20 mg/L in three days after running the experiments, while for experiment 3, it took 
five days to reduce to the acceptable limit. Experiment 11 was the only experiment in which the 
COD concentration remained above 20 mg/L at the end of the experiment (24.7 mg/L). The 
overall COD removal efficiency by filters varied from 22% to 30.1% for experiments 1, 2, and 3, 
while it was 16.5% for experiment 11. As it is shown in Figure 4-11, most of the COD (78-84%) 
was in the dissolved form, which is why the filtration test was not very effective for COD 
removal. However, due to the removal of algal biomass and suspended organic matter, the 
concentrations of COD slightly decreased during the experiments.  
 
 
Figure 4-11 Removal trends of COD for the experiments in category No. 1 
 
Figure 4-12 andFigure 4-13 show the total nitrogen and nitrate concentrations in the filtered 
water for experiments 1, 2, 3, and 11 over the experimental periods. In general, total nitrogen in 
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the lake water is the sum of the different forms of N, including NH4
+, oxidized forms (NO2
− and 
NO3
−), and nitrogen bound to suspended solids and soluble organic forms. As can be seen in 
Figure 4-12, the initial total nitrogen concentration for all experiments was below 1 mg/L which 
is the acceptable limit recommended by Environment Canada (2014). The overall TN removal 
efficiency of 10% (Exp. 1) to 42% (Exp. 11) was obtained at the end of these experiments. 
Considering that like COD and TP, only particulate form of nitrogen can be removed by 
filtration and the majority of TN was in the dissolved form (83%), only a small fraction of 
particulate N was removed in this filtration and thus low removal efficiency was obtained. 
Similar to TN, nitrate concentration was below the allowable limit (2.9 mg NO3-N/L) throughout 
all experiments. No significant removal was observed for nitrate as almost all the nitrate was in 
the soluble form in the lake water. In general, nitrogen in the forms of nitrate and nitrite (anionic 
forms) does not bind as strongly to negatively charged materials as phosphorus does. This is why 








Figure 4-13 Removal trends of nitrate for the experiments in category No. 1 
 
 
The removal pattern of total suspended solids and turbidity of the lake water for experiments 1, 
2, 3, and 11 are presented in Figure 4-14 and Figure 4-15, respectively. As can be seen in Figure 
4-14, the initial concentration of total suspended solids was below the acceptable limit (25 mg/L) 
for all the experiments (CCME, 2002). By filtration of this system, the initial TSS concentration 
reduced significantly, and the removal efficiency was in the range of 68 to 92%. Like TSS, a 
significant removal was observed for turbidity and the water became clear. The initial turbidity 
of water was in the range of 3-4.5 NTU which decreased to 0.06-0.67 NTU at the end of the 
experiments. 45-65 % of the turbidity was removed within the first three days of run, and overall 
82-98% reduction in turbidity was achieved by using this geotextile combination as a filter 
media. Despite the high removal efficiency, the clogging of filters was not observed during the 











Figure 4-15 Removal trends of turbidity for the experiments in category No. 1 
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Figure 4-16 indicates the size distribution of suspended solids in the water samples taken during 
experiments 1, 2, 3, and 11. Before the filtration, about 90 % (d90) of the particles were below 
116 microns for the sample taken in experiment 1, 58 microns in experiment 11, 23 microns in 
experiment 3, as well as 27 microns for the samples taken in experiment 2. As it is clearly shown 
in Figure 4-16, at the end of the experiments, all samples analyzed had a very similar particle 
size distribution and 90 % (d90) of particles were under 9 microns. This indicates the efficiency 
of geotextile filters to capture suspended solids of larger size. Also, as the minimum pore size of 
geotextile filters used in the experiments in category 1 was 75 µm, these filters could remove the 
particles higher than 75 microns and at the end of the experiments, no particles larger than 75 
microns were observed. At the end of all four experiments, the sizes of particles were reduced to 





Figure 4-16 Grain size distribution of SS in the lake water for the experiments in category No. 1 
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As mentioned in chapter three, some of the parameters such as temperature, pH, DO, ORP, 
chlorophyll-a, and BGA were measured hourly using a YSI sonde during the experiments. The 
hourly data for experiment 2, as one of the experiments in category one, captured by the sonde is 
presented here. The change in turbidity in the contained lake water during this experiment is 
given in Figure 4-17. This graph is plotted using the hourly data obtained from the sonde over 
the filtration test in experiment 2. As can be seen in Figure 4-17, a significant reduction was 
observed in turbidity due to the filtration process. Initially, the turbidity value was 2.2 NTU, 
which was reduced to 0.02 NTU at the end of the experiment.  
 
 
Figure 4-17 Removal trend of turbidity for experiment 2 
 
Figure 4-18 indicates the decreasing trend of chlorophyll-a during the experiment. Initially, the 
concentration of chlorophyll-a was 7.7 µg/L which reduced to 1.8 µg/L at the end of the 
experiment. Considering that chlorophyll-a is an indicator of algal abundance, the amount of 
living algae was drastically lowered during this experiment. The average concentration of 
chlorophyll-a present in the water was 4.7 µg/L. 
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Figure 4-18 Removal trend of chlorophyll-a for experiment 2 
 
As stated earlier, blue-green algae (BGA) occur naturally in all water bodies in low density, but 
if they start to perfoliate, they can become problematic for the health of humans and animals. 
The growth of BGA is directly proportional to the amount of available nutrients in the water. 
Figure 4-19 illustrates the decreasing trend of BGA in the water during experiment 2. The initial 
concentration of BGA was 0.42 µg/L which came down to 0.14 µg/L at the end of the 
experiment. From Figure 4-19, it was found that the BGA concentration remained above 0.4 
µg/L for the maximum time of the first three days of the experiment and then started to reduce to 
0.14 µg/L during the remaining days. The average concentration of blue-green algae was 0.3 




Figure 4-19 Removal trend of BGA for experiment 2 
 
The changes in the temperature and pH of the water over the filtration test are given in Figure 
4-20 andFigure 4-21, respectively. During the experiment, the temperature varied in the range of 
21.3 ºC and 24.4 ºC with an average value of 22.7 ºC. pH was almost the same throughout the 
experiment, with an average value of 7.8. 
 
 
Figure 4-20 Probe data for temperature during experiment 2 
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Figure 4-21 Probe data for pH during experiment 2 
 
As discussed earlier, the ORP value represents the water ability to break down contaminants. 
Figure 4-22 indicates the increasing trend of oxidation-reduction potential over the filtration test. 
The ORP value for experiment 2 varied from 120 mV to 143 mV, with an average value of 130.1 
mV. Figure 4-23 presents the amount of oxygen dissolved in the water during experiment 2. As 
can be seen, the concentration of DO slightly changed in the range of 8 to 8.5 mg/L, with an 




Figure 4-22 Probe data for ORP during experiment 2 
 
 
Figure 4-23 Probe data for DO during experiment 2 
 
The overall percent removal obtained for TSS, turbidity, TP, COD, and chlorophyll-a using the 
geotextile combination of two layers of 110 microns, two layers of 90 microns, and one layer of 
75 microns are presented in Table 4-7. The results of total nitrogen and nitrate experiments are 
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not included in this table as they exist mostly in their dissolved forms in the lake water and the 
filters are not effective for removing them. 
 
Table 4-7 Overall percent removal obtained for different parameters for experiments in category 1  






82.8±10.3 88.8±7.3 41.9±12.9 24.1±6.1 76.6 
 
As the experimental period was not the same for all experiments, in addition to removal 
efficiency, the removal rate was also calculated since it’s more appropriate to be used for 
comparison of the combinations. Table 4-8 shows the removal rates obtained for different 
parameters for experiments in category 1. The following equation was used to calculate the 
removal rate for TSS: 
 
The same steps were followed to calculate the removal rates for the other parameters. 









(exp 2)  
(mg /m2-d) 
Removal rate  3.5±2.1 7.6±2.1 7.4±2.8 7.1 
4.3.2 Filter combination: 2*110 + 1*90 + 1*75 + 1*65 µm (category 2) 
 
Experiments 4, 5, and 10 were carried out using the combination of two layers of 110 µm, 
followed by one layer of 90 µm, one layer of 70 µm, and one layer of 65 µm. Compared with the 
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combination used in the experiments of category 1, one layer of 90 µm was removed and one 
layer with smaller AOS (65 µm) was added to the combination. As the PSA results obtained 
from experiments in category one showed the presence of small sized particles in the water 
samples, a smaller pore sized geotextile was replaced to capture them. The initial concentrations 
of different water quality parameters are given in Table 4-9. Similar to category 1, for all 
experiments of this category, the initial concentrations of turbidity, total suspended solids, total 
phosphorus, total nitrogen, and nitrate were below the acceptable limits while the initial 
concentrations of COD were above the threshold value which is 20 mg/L. 
 
Table 4-9 Initial water condition of each experiment in category No. 2 
Experiment 
No. 



















4 4.6 7.75 18.0 25.45 0.525 0.100 
5 3.7 6.87 16.5 29.35 0.850 0.108 
10 2.9 5.00 18.0 29.65 0.721 0.043 
 
Figure 4-24 indicates the removal trends of total phosphorus over the experimental periods for 
experiment 4, 5, and 10. The initial total phosphorus concentration varied in the range of 16.5 to 
18 µg/L, which indicated that the water was enriched by nutrients and the lake was in the 
mesotrophic condition. For experiments 4 and 10, the initial TP concentrations were the same 
(18 µg/L) while the experimental periods were different. Experiment 4 was run for 7 days, 
whereas experiment 10 was run for 14 days. However, no removal was observed after day 7 in 
experiment 10. As it is shown in Figure 4-24, the filtration system could successfully lower the 
TP content to 9.5-12 µg/L, which is close to the recommended TP level in surface water needed 
for aquatic organisms (MDDEP, 2019b). The overall total phosphorus removal efficiency by 
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filters was between 24.2% and 47.2%. No dissolved phosphorus had been found in the water 
samples taken in these experiments. 
 
 
Figure 4-24 Removal trends of total phosphorus for the experiments in category No. 2 
 
Figure 4-25 shows the decreasing trends of COD concentration over time for experiments 4,5, 
and 10. For all experiments, the initial COD concentration exceeded the acceptable limit, ranging 
from 25.45 to 29.65 mg/L. Similar to the experiments of category 1, COD was mostly in the 
dissolved form (80%) and as a result, no high removal efficiency was observed (21-31%). 
Although the removal efficiencies of the experiments were found to be very close to each other, 
experiment 4 was the only experiment in which the COD concentration reduced to less than the 
acceptable limit. This might be due to the lower initial COD concentration for experiment 4 than 




Figure 4-25 Removal trends of COD for the experiments in category No. 2 
 
As stated earlier, the filters are not very effective for removing nitrogen as it mostly exists in its 
dissolved forms in the lake water. Therefore, for the rest of the experiments, just the initial and 
final concentrations of total nitrogen and nitrate are presented to show the change in their 
concentrations.  
 
Table 4-10 Concentration of TN and NO3- before and after filtration for the experiments in category No. 2 
 Total nitrogen (mg/L) Nitrate (mg/L) 
Initial Final Initial Final 
Exp 4 0.525 0.391 0.100 0.145 
Exp 5 0.850 0.829 0.108 0.103 
Exp 10 0.721 0.653 0.043 0.071 
 
The initial and final concentrations of total nitrogen and nitrate for all experiments were below 
the acceptable limits. Like previous experiments, most of the total nitrogen and nitrate were in 
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their dissolved forms (80% and 92%, respectively), and thus no considerable removal was 
observed. Besides, a very slight increase in nitrate concentration was observed for experiment 4 
and 10, which might be due to the oxidation of other reduced nitrogen species such as nitrite and 
ammonium in the water (Palakkeel Veetil et al., 2017). 
 
The change in total suspended solids and turbidity during the filtration test for experiments 4,5, 
and 10 are given in Figure 4-26 andFigure 4-27, respectively. In experiments 4 and 5, the initial 
TSS concentration was 7.7 and 6.9 mg/L, which decreased to 1.4 and 3.1 mg/L after 7 days, 
respectively. Experiment 10 was run for 14 days and most of the suspended solids were removed 
in this test. At the end of this experiment, the concentration of TSS was reduced to 0.2 mg/L 
from 5 mg/L. Overall, 54.5-96% TSS removal was obtained for the experiments in this category. 
The initial turbidity value was in the range of 2.9 to 4.6 NTU, which was below the allowable 
limit for surface water (10 NTU). Similar to TSS, a significant turbidity removal (97%) was 
achieved for experiment 10. The initial turbidity value was 2.9 NTU, which came down to 0.09 
NTU over the 14 days experimental period. This value represents a much-improved water 
clarity. 85.5% and 70.6 % reduction in turbidity were obtained for experiments 4 and 5, 
respectively. 
 




Figure 4-27 Removal trends of turbidity for the experiments in category No. 2 
 
Figure 4-28 indicates the grain size distribution curve of suspended solids at the beginning and 
end of the filtration for the experiments in category 2. Before the filtration, around 90% of the 
particles were under 88.5, 67.5, and 39.2 microns for the samples taken in experiments 4, 5, and 
10, respectively. As can be seen in Figure 4-28, filtration was able to remove large and fine 
suspended solids and resulted in around 90% of the particles under 5.9, 34.2, and 8.8 microns on 
the final day of experiments 4, 5, and 10, respectively. Analysis of the lake water samples before 
starting the experiments showed that all particles were in the size of silt and sand and there was 
no clay particle in the samples. However, at the end of the experiments, it was found that all 
particles were clay and silt sizes. Also, as expected, no particles larger than 65 microns were 





Figure 4-28 Grain size distribution of SS in the lake water for the experiments in category No. 2 
 
The hourly data for experiment 4 measured with the help of the YSI probes are presented here. 
Figure 4-29 shows the decreasing trend of turbidity during experiment 4. As it is clearly shown 
in Figure 4-29, more than 50 % of the turbidity removal occurred within the first day of the run, 
and overall 86.2% of the initial turbidity was removed at the end of the experiment. 
 
Figure 4-29 Removal trend of turbidity for experiment 4 
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Figure 4-30 andFigure 4-31 illustrate the change in the chlorophyll-a and BGA concentrations 
throughout experiment 4. Both chlorophyll-a and BGA concentrations were found to decrease, 
gradually. Initially, the concentration of chlorophyll-a was 21 µg/L, which revealed a medium in 
which the microscopic algae in suspension was significantly high. At the end of the experiment, 
the chlorophyll-a concentration decreased to 8.7 µg/L, indicating less living algae in the water. 
The initial concentration of BGA was 1.04 µg/L which reduced to 0.48 µg/L at the end of the 
filtration test. The average concentration of BGA was 0.8 µg/L. About 58.8% chlorophyll-a and 
53.8% BGA removal were achieved within the 7 days of this experiment.  
 
Figure 4-30 Removal trend of chlorophyll-a for experiment 4 
 
Figure 4-31 Removal trend of BGA for experiment 4 
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Figure 4-32 andFigure 4-33 show the hourly temperature and pH values measured by the sonde during 
experiment 4. As can be seen in the figures, these two variables didn’t change considerably over the 
experimental period. The temperature ranged from 19.7 ºC to 24 ºC, with an average value of 22.2 ºC and 
the pH varied between 7.7 and 8, with an average value of 7.9. 
 
 
Figure 4-32 Probe data for temperature during experiment 4 
 
 
Figure 4-33 Probe data for pH during experiment 4 
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The changes in oxidation-reduction potential and dissolved oxygen values during experiment 4 
are presented in Figure 4-34 andFigure 4-35, respectively. The ORP increased from 237.4 mV to 
309.5 mV with an average value of 326 mV. DO varied from 8.1 mg/L to 8.8 mg/L with an 
average value of 8.3 mg/L during the experiment (Figure 4-35).  
 
 
Figure 4-34 Probe data for ORP during experiment 4 
 
 
Figure 4-35 Probe data for DO during experiment 4 
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Table 4-11 indicates the overall percent removal obtained for TSS, turbidity, TP, COD, and 
chlorophyll-a using the geotextile combination of two layers of 110 microns followed by one 
layer of 90 microns, one layer of 75 microns, and one layer of 65 microns. As stated earlier, the 
results of total nitrogen and nitrate experiments are not included in Table 4-11 as they are mostly 
in their dissolved forms, and the filters are not effective for removing them. Table 4-12 shows 
the removal rates obtained for different parameters for experiments in this category. 
 
Table 4-11 Overall percent removal obtained for different parameters for experiments in category 2 






77.6±21.1 84.3±13.2 38.6±12.5 26.2±5.1 58.8 
 
 









(exp 4)  
(mg /m2-d) 
Removal rate  5.7±2.8 6.3±5 8±1.5 16.8 
 
4.3.3 Filter combination: 2*100 + 2*90 + 2*70 µm (category 3) 
 
Experiments 6 and 7 were performed using the filter combination of two layers of 100 microns 
followed by two layers of 90 microns, and two layers of 70 microns, respectively. Table 4-13 
indicates the initial water quality for these two experiments. Similar to the previous experiments, 
the initial COD concentrations were above the acceptable level (20 mg/L) for both experiments 
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of this category. The initial concentrations of turbidity, total suspended solids, total phosphorus, 
and nitrate lied within the allowable range for both experiments whereas, only in experiment 6, 
the initial concentration of total nitrogen was equal to the threshold value (1 mg/L). 
 
Table 4-13 Initial water condition of each experiment of category No. 3 
Experiment 
No. 



















6 5.72 8.67 15 32.95 1 0.099 
7 4.85 7.52 16.5 33.95 0.826 0.051 
 
Figure 4-36 shows the removal trends of total phosphorus during experiments 6 and 7. At the 
beginning of the filtration, the TP concentrations were 15 µg/L in experiment 6 as well as 16.5 
µg/L in experiment 7, respectively. After 7 days of run, TP was removed to 6 µg/L in experiment 
6 and 8.5 µg/L in experiment 7 due to the filtration. These variables indicated that this filter 
combination could successfully change the trophic state of the lake water from mesotrophic to 
oligotrophic class in terms of phosphorus concentration (MDDEP, 2012). The results showed 
that about 60% of TP in experiment 6 and 48.5% of TP in experiment 7 were removed over the 
experimental periods. No dissolved phosphorus had been observed in the water samples taken in 
experiment 6, which showed that all phosphorus was contained in the suspended particles. In 
experiment 7, TDP slightly increased at the end of the experiment. This might be due to an 
incident that happened during the experiment, which resulted in the resuspension of the particles 






Figure 4-36 Removal trends of total phosphorus for the experiments in category No. 3 
 
Figure 4-37 indicates the COD concentration in the filtered water during experiments 6 and 7. 
Similar to the experiments in category 1 and 2, the initial COD concentration for the experiments 
in this category was above 20 mg/L which is the acceptable level for unpolluted surface water. 
As shown in Figure 4-37, COD was mainly in its dissolved form (69-72%) which is difficult to 
remove by filtration. Therefore, no significant COD removal was obtained (19.3-23.5%), and the 
final COD concentration weren’t reduced to the acceptable level. This is because filtration can 
remove the particulate COD which was a small fraction of total COD in these experiments. The 
concentrations of dissolved COD remained almost the same or changed slightly during the 





Figure 4-37 Removal trends of COD for the experiments in category No. 3 
 
The initial and final concentrations of total nitrogen and nitrate for experiments 6 and 7 are given 
in Table 4-14. As stated earlier, 1 mg/L nitrogen is considered as a water quality guideline for 
total nitrogen by Environment Canada (2014). In this category, the initial total nitrogen 
concentration in experiment 6 was equal to the allowable limit which was reduced to 0.576 mg/L 
on the final day of filtration. For experiment 7, the initial total nitrogen concentration was within 
the acceptable level. At the end of the filtration tests, TN concentration decreased by 42.7% and 
20.4% for experiment 6 and 7, respectively. The concentration of nitrate in both experiments was 
within the guideline for protection of aquatic life (CCME, 2019).  
 
Table 4-14 Concentrations of TN and NO3- before and after filtration for the experiments in category No. 
3 
 Total nitrogen (mg/L) Nitrate (mg/L) 
Initial Final Initial Final 
Exp 6 1.000 0.576 0.099 0.037 
Exp 7 0.826 0.657 0.051 0.109 
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Figure 4-38 andFigure 4-39 illustrate the removal pattern of TSS and turbidity during 
experiments 6 and 7. After 7 days of filtration, the TSS concentration was removed to 1.75 mg/L 
from 8.7 mg/L in experiment 6 as well as 2.25 mg/L from 7.5 mg/L in experiment 7. As can be 
seen in Figure 4-38, this filter combination removed about 80% of TSS for experiment 6, 60% of 
that was removed within the first day of the run. For experiment 7, the TSS removal efficiency 
was around 70% within the first four days of filtration. In the case of turbidity, the initial values 
for experiment 6 and 7 were 5.7 and 4.8 NTU, respectively (Figure 4-39). Considering the initial 
and final values for turbidity, this filter combination showed the performance of 64.2 to 70.2% 
with respect to turbidity removal. 
 
 




Figure 4-39 Removal trends of turbidity for the experiments in category No. 3 
 
The particle size distribution of SS in the water samples collected at the beginning and end of 
experiments 6 and 7 is given in Figure 4-40. Initially, about 90 % of the particles were under 133 
µm in experiment 6, whereas for experiment 7, 90 % of the particles were under 67.5 µm. As it 
is clearly seen in Figure 4-40, the filtration could successfully remove large particles in the water 
and thus resulted in around 90% of the SS below 39 and 11 µm on the final day of experiment 6 
and 7, respectively. In both experiments, initially the particles were in the size of silt and sand, 
but at the end, it was found that all particles were silt size. The minimum pore size of the 
geotextiles used in this combination was 70 microns and, as expected, there were no particles 




Figure 4-40 Grain size distribution of SS in the lake water for the experiments in category No. 3 
 
The results for experiment 6 obtained from the YSI sonde are discussed here. Figure 4-41 
indicates the turbidity of the water, which was monitored hourly by the sonde during experiment 
6. These values were compared with those obtained by the handheld turbidity meter to validate 
them. As seen in Figure 4-41, the turbidity in the water was reduced, from 3.4 to 1.21 NTU 
within seven days of filtration. These values show the effectiveness of the filters in improving 
the clarity of the water. 
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Figure 4-41 Removal trend of turbidity for experiment 6 
 
The changes in chlorophyll-a and BGA concentrations in the water for experiment 6 are shown 
in Figure 4-42 andFigure 4-43, respectively. These graphs were plotted with the hourly data 
measured by the sonde over the filtration test. At the beginning of the experiment, the 
concentration of chlorophyll-a was 26.2 µg/L. As it is shown in Figure 4-42, a slight increase in 
Chl-a concentration was observed during the first days, which might be due to the increase in 
water temperature. While the filtration continues, the chlorophyll-a concentration in the water 
was decreased gradually, yielding about 31 % removal. The average concentration of 
chlorophyll-a was 24.9 µg/L. The concentration of BGA varied slightly, from 1.2 to 0.7 µg/L, 
with an average value of 0.9 µg/L. As seen in Figure 4-43, a small reduction (7%) in BGA 




Figure 4-42 Removal trend of chlorophyll-a for experiment 6 
 
 
Figure 4-43 Removal trend of BGA for experiment 6 
 
Figure 4-44 andFigure 4-45 present the hourly temperature and pH values obtained from the 
sonde during experiment 6. The temperature ranged from 20 ºC to 23.5 ºC, with an average value 




Figure 4-44 Probe data for temperature during experiment 6 
 
 
Figure 4-45 Probe data for pH during experiment 6 
 
Figure 4-46 andFigure 4-47 indicate the changes in ORP and DO concentrations in the water 
during experiment 6, monitored by the YSI probe. The ORP increased from 208.8 mV at the 
beginning of the experiment to 250.5 mV at the end of the test, thereby improving the water 
 95 
quality over the filtration test. Dissolved oxygen concentration ranged between 8.1 mg/L to 8.6 
mg/L, with an average value of 8.3 mg/L (Figure 4-47). 
 
 
Figure 4-46 Probe data for ORP during experiment 6 
 
 
Figure 4-47 Probe data for DO during experiment 6 
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Table 4-15 shows the overall percent removal obtained for TSS, turbidity, TP, COD, and 
chlorophyll-a using the geotextile combination of two layers of 100 microns followed by two 
layers of 90 microns, and two layers of 70 microns. Similar to the experiments in previous 
categories, results of total nitrogen and nitrate tests are not shown in this table as the majority of 
TN and NO3
- were in their dissolved forms. Table 4-16 shows the removal rates obtained for 
different parameters for experiments in this category. 
 
Table 4-15 Overall percent removal obtained for different parameters for experiments in category 3  






74.9±6.9 67.2±4.2 54.2±8.1 21.4±3.0 31.2 
 









(exp 6)  
(mg /m2-d) 
Removal rate  8.3±1.6 11.6±1 9.8±1.2 11.1 
 
4.3.4 Filter combination: 1*110 + 1*100 + 1*90 + 1*70 + 1*65 µm (Category 4) 
 
Seven experiments were carried out using this combination as a filter media to find out the 
efficiency of geotextiles. Two of them were conducted in 2017 (experiments 8 and 9), and the 
rest were performed in 2018 (experiments 12 to 16). Since experiments 8 and 9 showed good 
results in 2017, this combination was selected to be tested in the following year to insure 
reproducibility. The initial water quality values for the experiments in this category are given in 
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Table 4-17. Considering the water quality guidelines for the protection of aquatic life, COD was 
the only parameter that its concentration exceeded the acceptable limits for all the experiments. 
 
Table 4-17 Initial water condition of each experiment in category No. 4 
Experiment 
No. 



















8 4.57 7.00 17.0 32.00 0.657 0.045 
9 3.55 5.34 15.5 31.20 0.722 0.061 
12 - 4.25 14.5 21.65 0.700 0.103 
13 - 5.56 14.5 22.25 0.673 0.113 
14 - 6.25 14.5 23.45 0.721 0.111 
15 5.52 7.50 25.5 27.40 0.955 0.118 
16 3.91 5.5 15.0 24.80 0.876 0.135 
 
Figure 4-48 shows the reduction trend of total phosphorus concentration during different 
experiments in category 4. The minimum and maximum initial TP concentration were 14.5 and 
25.5 µg/L, respectively. These experiments were run continuously for six to thirteen days, and at 
the end of the tests, the TP concentration in the treated water was reduced to 5.5-11 µg/L, which 
places the trophic state of the water in the oligotrophic class. The TP removal trend was found to 
be similar for all the experiments and overall percent removal obtained for TP was 24.1-64.5% 
depending on the initial water quality. As can be seen in Figure 4-48, total dissolved phosphorus 
accounted for a small percent of the TP in experiment 8 and 9 (9-16%), and its concentration 
remained almost the same or slightly changed during the filtration. Overall, 61.8% and 64.5% TP 






Figure 4-48 Removal trends of total phosphorus for the experiments in category No. 4 
 
Figure 4-49 presents the removal pattern of COD during the experiments in category 4. As 
shown in Figure 4-49, the maximum allowable concentration was obtained for experiments 12 to 
16, which were executed in 2018. However, it should be noted that the initial concentration of 
COD for experiments done in 2017 (8 and 9) was higher as compared to other experiments. The 
initial COD concentration was in the range of 21.7 to 27.4 mg/L in 2018 whereas in 2017, when 
the initial COD concentration was around 32 mg/L. Like previous experiments, COD was mainly 




Figure 4-49 Removal trends of COD for the experiments in category No. 4 
 
Table 4-18 indicates the concentration of total nitrogen and nitrate before and after filtration for 
experiments in category 4. As stated earlier, most of the total nitrogen and nitrates were in their 
dissolved forms which cannot be removed by filtration. Therefore, the concentration of total 
nitrogen remained almost the same or changed slightly throughout the filtration. Only the 
particulate form can be removed which was a small fraction of the total nitrogen (16%). No 
removal was observed for nitrate. Also, a very slight increase was observed in nitrate 
concentration which might be due to the oxidation of other reduced nitrogen species in the water 
(Palakkeel Veetil et al., 2017). 
 
Table 4-18 Concentration of TN and NO3
- before and after filtration for the experiments in 
category No. 4 
 Total nitrogen (mg/L) Nitrate (mg/L) 
Initial Final Initial Final 
Exp 8 0.657 0.666 0.045 0.056 
 100 
Exp 9 0.722 0.661 0.060 0.065 
Exp 12 0.7 0.69 0.1 0.13 
Exp 13 0.67 0.61 0.11 0.14 
Exp 14 0.72 0.64 0.11 0.16 
Exp 15 0.96 0.86 0.12 0.14 
Exp 16 0.88 0.75 0.14 0.19 
 
The removal trend of total suspended solids and turbidity for experiments in this category are 
shown in Figure 4-50 and Figure 4-51, respectively. The initial TSS concentration for these 
experiments varied in the range of 4.25 and 7.5 mg/L. At the end of the experiments, TSS were 
removed to 2.25 mg/L or less by this filtration system. As can be seen in Figure 4-50, experiment 
9 could successfully remove all total suspended solids after 9 days. This combination of the 
geotextile filters resulted in about 59.5 to 100% TSS removal, and the water was clear enough to 
see the bottom of the tank. The turbidity removal was also significant for these tests, ranging 
from 45.2 to 100% depending on the initial water turbidity (Figure 4-51). For experiment 9, 
initially the turbidity was 3.55 NTU, 82.4% of that was reduced within the six days, and at the 
end, there was negligible turbidity in the water. 
 
 




Figure 4-51 Removal trends of turbidity for the experiments in category No. 4 
 
The PSA of water samples collected during the filtration tests is given in Figure 4-52. As stated 
earlier, experiments 8 and 9 were performed in 2017, whereas experiments 12 to 16 were 
executed in 2018. As can be seen in Figure 4-52, the particle size distribution of the samples 
taken in each year was found to be similar to each other. Initially, about 90 % of the particles 
were below 77.3 µm and 51 µm in 2017 and 2018, respectively. Filtration could successfully 
remove the large and fine suspended solids and resulted in around 90% of the particles in the 
filtered water below 10.8 µm in 2017 as well as 6.4 µm in 2018. The minimum pore size of 
geotextile used in this combination was 65 microns. Therefore, no particles larger than 65 








Figure 4-52 Grain size distribution of SS in the lake water for the experiments in category No. 4 
 
In situ measurements of parameters such as pH, temperature, dissolved oxygen, etc. taken by the 
sonde for experiment 8 are presented here. Figure 4-53 illustrates the reduction trend of turbidity 
of water over the filtration test, monitored by the YSI probe. As seen in Figure 4-53, the turbidity 
of water was reduced from 3.6 to 0.8 NTU, within ten days of filtration. About 45% of the 
turbidity was removed within the first day of the run, and the rest was removed gradually during 








Figure 4-53 Removal trend of turbidity for experiment 8 
 
Figure 4-54 and Figure 4-55 indicate the removal patterns for chlorophyll-a and BGA during 
experiment 8, respectively. Both chlorophyll-a and BGA concentrations were found to decrease, 
gradually, with a similar trend. The concentration of chlorophyll-a varied in the range from 33.4 
to 12 µg/L with an average value of 21 µg/L. As mentioned in previous chapters, high 
concentrations of BGA in the water can cause stress to aquatic life since the decaying algae can 
reduce the level of oxygen in the water, thereby causing death to aquatic animals. In this 
experiment, initially BGA concentration was 1.13 µg/L which decreased to 0.6 µg/L at the end 
of the experiment. This indicated that the amount of BGA was decreasing with the removal of 
nutrients from the water. The average concentration of blue-green algae was 0.9 µg/L. Overall, 





Figure 4-54 Removal trend of chlorophyll-a for experiment 8 
 
 
Figure 4-55 Removal trend of BGA for experiment 8 
 
The change in temperature and pH of the water monitored by the sonde during experiment 8 are 
presented in Figure 4-56 and Figure 4-57, respectively. The temperature varied in the range 
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between 15.9 and 19 ºC, with an average value of 17.5 ºC. pH varied in the range of 7.8 and 8.1, 
with an average value of 7.9. 
 
 
Figure 4-56 Probe data for temperature during experiment 8 
 
 
Figure 4-57 Probe data for pH during experiment 8 
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The graphs for hourly oxidation-reduction potential and dissolved oxygen with time for 
experiment 8 are presented in Figure 4-58 andFigure 4-59, respectively. During this experiment, 
the ORP value increased from 258.5 to 295.2 mV, which showed that the water quality was 
gradually improving by removing nutrients. The dissolved oxygen was from 8.8 to 9.5 mg/L, 
with an average value of 9.1 mg/L during the filtration test. 
 
 
Figure 4-58 Probe data for ORP during experiment 8 
 
Figure 4-59 Probe data for DO during experiment 8 
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The overall percent removal obtained for TSS, turbidity, TP, COD, and chlorophyll-a for the 
experiments in category 4 is given in Table 4-19. As previously mentioned, the filter 
combination used for these filtration tests included one layer of 110 µm followed by one layer of 
100 µm, one layer of 90 µm, one layer of 70 µm, and one layer of 65 µm. Table 4-20 shows the 
removal rates obtained for different parameters for experiments in this category. 
 
Table 4-19 Overall percent removal obtained for different parameters for experiments in category 4  






76.1±13.1 73.9±19.7 50.3±16.0 24.1±4.3 50 
 













5.4±1.5 10.4±6.3 7.6±2.3 13 
 
 
4.3.5 Particle size distribution 
 
The particle size analysis of water samples taken before starting the filtration experiments 
showed that most of the particles were silt (4 to 60.5 µm). However, there were small amounts of 
sand (60.5 to 2000 µm) in the samples. Similar results were also observed for the samples taken 
from different stations of the lake. For example, Figure 4-60 shows the particle size analysis for 
 108 
experiments 6 and 9 before and after filtration. The geotextile combination used in these two 
tests were different. For experiment 6, it included two layers of 100 µm followed by two layers 
of 90 µm, and two layers of 70 µm, while for experiment 9, the combination included one layer 
of 110 µm, 100 µm, 90 µm, 70 µm, and 65 µm, respectively.  
As can be seen in Figure 4-60, the particle size before the filtration varied from 4 to 200 µm and 
4 to 133 µm in experiments 6 and 9, respectively. For experiment 6, about 70% of particles were 
silt, and the remaining 30% were sand, ranging from 60 to 200 µm. For experiment 9, 85.5% of 
the particles had a diameter of less than 60.5 µm (silt), and the remaining 14.5% were sand. 
However, the analysis of the final filtered water samples showed that 90% of the particles were 
below 39 µm and 10 µm in experiments 6 and 9, respectively, and there were no sand particles in 
the water samples. Therefore, the filters were able to remove even particles slightly below the 
smallest pore size that was used. This is because upon continuous filtration, particles captured on 
the filter media fill the pores, thereby reducing the opening size. 
 
 
Figure 4-60 Particle size distribution before and after filtration for experiments 6 and 9 
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4.3.6 Relationship between SS and TP 
 
In this study, to determine the relationship between total suspended solids removal and total 
phosphorus reduction, the results of SS removal and P removal are plotted in one graph. Figure 
4-61 indicates the correlation between SS removal and phosphorus reduction with respect to each 
filter combination. A good correlation was obtained between these two parameters with a 
regression coefficient ranging from about 0.71 to 0.86. As can be seen in Figure 4-61, with the 
removal of suspended solids due to the filtration, the concentration of total phosphorus also 
decreased. This showed that the majority of phosphorus in the water was associated with 
suspended particles. Moreover, it was found that the relationship was almost linear for all the 
filter combinations, while the regression coefficients obtained for combinations 3 and 4 
(R2=0.86) were higher. Overall, it can be concluded that if the suspended solids contain a high 
level of organic matter, water quality can be improved significantly by removing SS. The list of 
filters used in each combination is given in Table 4-21.  
 
Table 4-21 List of filters used in each combination 
Combination number Filters used in each combination 
1 2*110 + 2*90 + 1*75 µm 
2 2*110 + 1*90 + 1*75 + 1*65 µm 
3 2*100 + 2*90 + 2*70 µm 




Figure 4-61 Correlation between total phosphorus and total suspended solids 
 
4.3.7 Relationship between SS and turbidity 
 
Turbidity in the water comes from suspended matter, such as clay, silt, and algae. This parameter 
is used as an indicator of water quality, as it strongly influences water clarity. Turbidity is an 
indirect measurement of total suspended solids in the water, and thus, the two parameters are 
related. The relationship can be better determined by plotting the TSS concentration and turbidity 
values in one graph. Figure 4-62 indicates the correlation obtained between TSS concentration 
and turbidity value with respect to each filter combination used in this study. As shown in Figure 
4-62, a very strong correlation was found between these two parameters with a value of 
correlation coefficient ranging from 0.89 to 0.97. This indicates that as filtration continued the 
turbidity values also reduced with the removal of total suspended solids. The results of another 
study done by Hannouche et al. (2011) also confirmed the existence of a very strong linear 







Figure 4-62 Correlation between turbidity and total suspended solids 
 
 
4.3.8 Turbidity and total phosphorus removal 
 
Figure 4-63 indicates the removal of turbidity and total phosphorus with respect to each filter 
combination. As can be seen, turbidity was removed significantly within the experimental period 
for each combination and that was reflected in the reduction of total phosphorus as well. As such, 
turbidity and total phosphorus removal was found to be related and thus, by removing the 
suspended particles or turbidity with the help of filtration, water quality can be significantly 




Figure 4-63 Removal of turbidity and total phosphorus over time 
 
4.3.9 Comparison of geotextile combinations 
 
Table 4-22 shows the removal rates obtained for different parameters in all experiments. As 
stated earlier, lake water sampling analysis and the results of onsite experiments showed that the 
concentration of total phosphorus was below the acceptable limit (0.03 mg/L) and thus TP 
concentration is not the main concern for this lake. However, the concentration of chlorophyll-a 
was very high, and the transparency of water was very low during the two monitored years. 
According to MELCC (2019a, 2019b), the transparency of 1 m characterized very turbid water 
and this value placed the trophic state of the lake in the eutrophic class. Also, the lake had the 
problem of algal blooms in the past. Therefore, microscopic algae are considered as the main 
issue for this lake which resulted in poor transparency in the water. Thus, by removing total 
suspended solids and turbidity the transparency of water and the overall water quality can be 
improved.  
It should be noted that, although phosphorus is not the main concern in this lake, it is one of the 
main nutrients which promotes algal growth and eutrophication in the lakes. This filtration 
system was also successful in decreasing the TP concentration associated with particles by 
removing suspended solids (Table 4-22). As can be seen, the results obtained from all 
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experiments conducted with different geotextile combinations were satisfactory. However, 
experiments in category 3 showed better results in terms of total suspended solids and turbidity 
removal which is the main focus in this lake. Also, the removal rate of COD (which its 
concentration was above the guidelines for all the experiments) obtained from combination 3 
was higher as compared to the rest of combinations. The total phosphorus removal rate was also 
good for experiments in this category. Therefore, combination 3 which included two layers of 
100 microns followed by two layers of 90 microns, and two layers of 70 microns could be the 
better geotextile combination. 
 
Table 4-22 Removal rates obtained for different parameters for all the experiments 
Experiments in 









Category 1 3.5±2.1 7.6±2.1 7.4±2.8 7.1 
Category 2 5.7±2.8 6.3±5 8±1.5 16.8 
Category 3 8.3±1.6 11.6±1 9.8±1.2 11.1 
Category 4 5.4±1.5 10.4±6.3 7.6±2.3 13 
 
4.3.10 Potential implementation 
 
According to the obtained results, the filtration system used in this study was successful in 
removing suspended solids, turbidity, and total phosphorus, thus improving the lake water 
quality. Furthermore, it did not have the problems associated with the common conventional 
filtration methods such as the sand filter technique. The latter method is difficult to operate and 
maintain, has higher maintenance costs, needs mechanical plants for backwashing, and requires 
chemicals for the coagulation, etc. However, none of these disadvantages is a matter of concern 
regarding the geotextile filtration unit used in this study. Also, it can be easily carried to 
wherever the water needs to be treated. Therefore, the geotextile filtration technique can be a 
potential method to improve the quality of surface water without exerting any environmental 
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impact. However, some pilot tests need to be carried out to further evaluate this technique prior 
to full-scale implementation. This can be done by isolating a small portion of the lake and then 
performing the in-situ filtration. The results of pilot experiments can be used as guidelines for 
large scale implementation.  
 
The following guidelines are provided to design the filtration unit for full-scale implementation 
based on this study: 
In this research, the filtration system was used for the treatment of low turbidity water ranging 
from 0.7 to 5.7 NTU. Although the results of all experiments were satisfactory, experiments that 
were conducted using combination 3 (2*100 + 2*90 + 2*70 µm) showed higher removal rates. 
Therefore, if the turbidity of water is low and lies within the same range of this study, 
combination 3 can be selected as a filter media to treat the water. Also, considering that the 
filtration duration and number of units decrease as the size of the filtration unit increases, a 
larger-sized filtration system should be selected for treating the entire lake water. However, the 
size of the unit should not be so large so that it becomes difficult to carry it. Based on the volume 
of the contaminated water and the duration of filtration, the number and size of the filtration 
units can be calculated. In the following section, a sample calculation is presented for Lake 
Johanne.  
 
According to the sampling results for two years, the turbidity of Lake Johanne varied in the 
range of 2.7 and 4.2 NTU. The filtration unit used in this study was 0.2 m in diameter and 0.25 m 
in height and the average filtration duration was 8 days. The results of experiments indicated that 
this filtration unit could successfully treat 0.3 m3 of water with an initial turbidity ranging from 






Lake water volume: 76300 m3 
Considering that 1 filtration unit can treat 0.3 m3 of water in 8 days, this unit can treat 76300 m3 
of water in =  m3 = 2034667 days 
If the filtration is carried out in 4 months or 120 days (June to September) for the entire lake, the 
number of units required is =  =16956  
Volume of 1 filtration unit =  * 0.25 = 0.00785 m3 
So, the total volume of 16956 units is = (16956 * 0.00785) = 133.1 m3 
To avoid having a high number of filtration units for full scale implementation, larger sized 
filtration units should be used. Therefore, the diameter (d) of the larger filtration unit is assumed 
as 1.6 m. 
Considering the ratio of diameter (d) to head (h) of the filtration unit which is  = 0.8, 
the height (h) of the larger filtration unit is calculated:  2 m 
And, the volume of the larger filtration unit is =   * 2 = 4 m3 
Thus, the required number of filtration units is =  = 33  
Therefore, having 33 filtration units with a 1.6 m diameter and a 2 m height each, the entire lake 
water can be treated in 120 days. 
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The results obtained from this study confirmed that Lake Johanne was in an advanced 
intermediate stage of eutrophication. According to the results, the concentration of chlorophyll-a 
was very high, which indicated that the microscopic algae in suspension was very high in the 
water. Also, the lake was exposed to algal blooms during the hot summer in the past. The 
transparency of the lake water was found poor even in some shallow areas with transparency 
value was less than 1 m. Based on the results mentioned above, microscopic algae are considered 
as the main concern for this lake which resulted in poor transparency in the water. Therefore, in 
order to prevent further degradation of the lake and protect the aquatic ecosystem, it is important 
to remediate the lake by removing suspended solids, including fine sediments, algae, etc. 
 
To address this issue, a series of small-scale field experiments were conducted besides the lake 
using a filtration technique. Different combinations of custom-developed nonwoven geotextiles 
were tested as filter media in this study. Each combination included 5 or 6 layers of filters with 
different apparent opening sizes, i.e., 110, 100, 90, 75, 70, and 65 microns. A total of sixteen 
experiments were carried out with the objective of evaluating the effectiveness of filters in 
removing suspended solids and nutrients which promote the algal growth to improve the water 
quality of the lake. Experiments were classified into four categories with respect to the filter 
combination to evaluate the efficiency of each combination in removing suspended solids and 
nutrients. 
 
The results obtained from experiments in all four categories were satisfactory. However, 
combination 3 which included two layers of 100 microns followed by two layers of 90 microns, 
and two layers of 70 microns showed better results in terms of suspended solids removal rate. 
Moreover, the results obtained from this combination demonstrated higher removal rate for COD 
which was the only component that its initial concentration exceeded the allowable limit for all 
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experiments. The TP removal rate achieved using this filter combination was also good. 
According to the results, nonwoven geotextiles can work as an effective filter media to improve 
water quality by removing suspended solids, turbidity, phosphorus and chlorophyll-a. At the end 
of the experiments, there was a negligible amount of suspended solids in the water, and the water 
was clear enough to see the bottom of the tank.   
 
Analyses of water samples collected from different stations of the lake showed that the 
concentrations of total phosphorus lied within the allowable limit to protect the aquatic life. The 
average concentration of total phosphorus in the lake water was 15.7 µg/L in 2017 and 11.5 µg/L 
in 2018. Therefore, total phosphorus concentration was not a matter of concern in this lake. 
However, it should be noted that this element is considered as the main limiting factor in algal 
growth and eutrophication. As results showed, this filtration technique was also successful in 
lowering the TP concentration by removing suspended particles from water. Considering that 
phosphorus mostly presents in its particulate form in overlaying water, removing suspended 
solids could reduce the concentration of this element and thus improve the quality of water. As 
observed for TSS, combination 3 also showed a higher removal rate for TP. This combination 
resulted in the removal rate of 8.3 g/m2-d for TSS, 11.6 mg/m2-d for TP, 9.8 g/m2-d for COD and 
11.1 mg/m2-d chlorophyll-a. 
 
As stated earlier, most of the phosphorus was in its particulate form and with the decrease of 
suspended solids concentration, the concentration of TP was also lowered. A good correlation 
was obtained between these two parameters, with a regression coefficient ranging from 0.71 to 
0.86. Therefore, it can be concluded that phosphorus was mostly associated with suspended 
solids, such as algae, and by removal of these particles via filtration, significant water quality 
improvement can be achieved. Moreover, there was a very good correlation (0.89 to 0.97) 
between suspended solids and turbidity concentrations which meant that turbidity value reduced 
with the decrease in suspended solids concentration. 
The results of particle size distribution indicated that filtration could successfully remove the 
large and fine suspended particles, and at the end of the experiments, there were no sand size 
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particles in the water. Also, it was found that using multiple layers of filters that cover different 
pore sizes – from large to small respectively – removed particles more efficiently as they are able 
to trap a larger pool of particles of different sizes (larger than 110 microns to slightly below 65 
microns).  
 
In conclusion, these tests have indicated the potential use of geotextile filtration technique for 
removing suspended solids and nutrients associated with them that promote the growth of algae 
leading to eutrophication in the water. According to the results, the nonwoven geotextiles that 
were used in this study can work effectively as a filter media to improve the surface water 
quality. Combination 3 including 2 layers of 100 microns followed by two layers of 90 and two 
layers of 70 microns was found to be more effective filter combination as compared to the rest of 
the filter combinations used in this study for treating Lake Johanne. Overall, this filtration 
method can be considered as an alternative remediation technique for treating surface water 
without disturbing aquatic life and adding any chemicals or foreign materials to the lake. The 
simple design and flexibility of the filtration unit would make it an ideal restoration system for 
treating the lakes suffering from a high concentration of algal blooms and suspended solids. 
Furthermore, this floating filtration unit can be simply transported to any area where water is 
contaminated, and treatment is required. By developing this technique, it can be possible for 
eutrophic lakes to return to the clean and safe water bodies for public uses for recreational 
activities.  
 
5.2 Recommendations for future work 
 
The results obtained from this study indicated that the small-scale geotextile filtration system 
could successfully improve the water quality of Lake Johanne. Thus, for the next phase of the 
project, the in-situ use of geotextile filtration at large scale should be evaluated under real lake 
condition to improve the water quality. The results from the in-situ filtration experiments will 
provide realistic data which are needed for full-scale implementation. Another recommendation 
can be to target the source and test the filtration system where the water from the wetland enters 
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the lake. Reuse of the used geotextile filters and finding the best place for implementing the full-






















ABVLACS (Agence des Bassin Versants de Sainte-Anne- des-Lacs). (2019). lac Johanne. 
Retrieved March 18, 2019, from http://abvlacs.org/lac-johanne 
Alberta Agriculture and Forestry. (2000). Managing Nitrogen to Protect Water Quality. 
Retrieved from https://www1.agric.gov.ab.ca/$department/deptdocs.nsf/all/agdex928 
Alberta Environment and Parks. (2018). Surface Water Quality Guidelines and Objectives | AEP 
- Environment and Parks. Retrieved February 19, 2019, from 
http://aep.alberta.ca/water/education-guidelines/surface-water-quality-guidelines-and-
objectives.aspx 
Álvarez-Manzaneda, I., Funes, A., Martínez, F. J., de Vicente, I., de Vicente, J., Conde-Porcuna, 
J. M., & Guerrero, F. (2018). Determining major factors controlling phosphorus removal by 
promising adsorbents used for lake restoration: A linear mixed model approach. Water 
Research, 141, 377–386. https://doi.org/10.1016/j.watres.2018.05.029 
Aydilek, A. H., Oguz, S. H., & Edil, T. B. (2005). Constriction Size of Geotextile Filters. 
Journal of Geotechnical and Geoenvironmental Engineering, 131(1), 28–38. 
https://doi.org/10.1061/(asce)1090-0241(2005)131:1(28) 
Babatunde, A. O., & Zhao, Y. Q. (2007). Constructive approaches toward water treatment works 
sludge management: An international review of beneficial reuses. Critical Reviews in 
Environmental Science and Technology, 37(2), 129–164. 
https://doi.org/10.1080/10643380600776239 
Bai, X., Sun, J., zhou, Y., Gu, L., Zhao, H., & Wang, J. (2017). Variations of different dissolved 
and particulate phosphorus classes during an algae bloom in a eutrophic lake by31P NMR 
spectroscopy. Chemosphere, 169, 577–585. 
https://doi.org/10.1016/j.chemosphere.2016.11.116 
Ball, A. S., Williams, M., Vincent, D., & Robinson, J. (2001). Algal growth control by a barley 
straw extract. Bioresource Technology, 77(2), 177–181. https://doi.org/10.1016/S0960-
 121 
8524(00)00148-6 
Bhatnagar, A., & Sillanpää, M. (2011). A review of emerging adsorbents for nitrate removal 
from water. Chemical Engineering Journal, 168(2), 493–504. 
https://doi.org/10.1016/j.cej.2011.01.103 
Bilotta, G. S., & Brazier, R. E. (2008). Understanding the influence of suspended solids on water 
quality and aquatic biota. Water Research, 42, 2849–2861. 
https://doi.org/10.1016/j.watres.2008.03.018 
Binnie, C., & Kimber, M. (2009). Filtration. In Basic Water Treatment (fourth edi). Thomas 
Telford Limited. 
Brandt, M. J., Johnson, K. M., Elphinston, A. J., & Ratnayaka, D. D. (2017). Water Filtration. In 
Twort’s Water Supply (pp. 367–406). Elsevier. 
Burkholder, J. M., Noga, E. J., Hobbs, C. H., & Glasgow Jr, H. B. (1992). 
New’phantom’dinoflagellate is the causative agent of major estuarine fish kills. Nature, 
358(6385), 407. 
Canadian Council of Ministers of the Environment. (2004). Canadian water quality guidelines 
for the protection of aquatic life: Phosphorus: Canadian Guidance Framework for the 
Management of Freshwater Systems. In Canadian environmental quality guidelines (pp. 1–
5). Winnipeg.: Canadian Council of Ministers of the Environment. 
Carpenter, S. R., Caraco, N. F., Correll, D. L., Howarth, R. W., Sharpley, A. N., & Smith, V. H. 
(1998). Nonpoint pollution of surface waters with phosphorus and nitrogen. Ecological 
Applications, 8(3), 559–568. 
CCME. (1999a). Canadian Water Quality Guidelines for the Protection of Aquatic Life: 
Dissolved Oxygen (Freshwater). In Canadian environmental quality guidelines (p. 6). 
Winnipeg. 
CCME. (1999b). Canadian water quality guidelines for the protection of aquatic life: 
Introduction. In Canadian environmental quality guidelines. 
CCME. (2002). Canadian water quality guidelines for the protection of aquatic life: Total 
 122 
particulate matter. In Canadian environmental quality guidelines (pp. 1–13). Winnipeg. 
CCME. (2019). Canadian Water Quality Guidelines for the Protection of Aquatic Life Summary 
Table. Retrieved February 20, 2019, from http://st-ts.ccme.ca/en/index.html 
Chapman, D., & Kimstach, V. (1996). Selection of water quality variables. In Deborah Chapman 
(Ed.), Water Quality Assessments - A Guide to Use of Biota, Sediments and Water in 
Environmental Monitoring - Second Edition. WHO, UNESCO,UNEP. 
Chapman, R. (2010). The use of nonwovens as filtration materials. In Applications of Nonwovens 
in Technical Textiles. CRC Press. 
Cheryan, M. (1998). Ultrafiltration and Microfiltration Handbook (second edi). CRC press. 
Chislock, M. F., Doster, E., Zitomer, R. A., & Wilson, A. E. (2013). Eutrophicati on : Causes , 
Consequences , and Controls in Aquati c Ecosystems. Nature Education Knowledge, 4(4), 
10. 
Chollom, M. N., Pikwa, K., Rathilal, S., & Pillay, V. L. (2017). Fouling mitigation on a woven 
fibre microfiltration membrane for the treatment of raw water. South African Journal of 
Chemical Engineering, 23, 1–9. https://doi.org/10.1016/j.sajce.2016.12.003 
Christopher, B. R., Fischer, G. R. (1992). Geotextile filtration principles, practices and problems. 
In Geosynthetics in Filtration, Drainage and Erosion Control (pp. 1–17). 
Conley, D. J., Paerl, H. W., Howarth, R. W., Boesch, D. F., Seitzinger, S. P., Havens, K. E., … 
Likens, G. E. (2009). Controlling Eutrophication: Nitrogen and Phosphorus Nitrogen and 
Phosphorus. Source: Science, New Series, 323(5917), 1014–1015. 
https://doi.org/10.1126/science.1167755 
Cooke, G. D., Welch, E. B., Martin, A. B., Fulmer, D. G., Hyde, J. B., & Schrieve, G. D. (1993). 
Effectiveness of Al, Ca, and Fe salts for control of internal phosphorus loading in shallow 
and deep lakes. Hydrobiologia, 253(1–3), 323–335. https://doi.org/10.1007/BF00050758 
Cooke, G. D., Welch, E. B., Peterson, S., & Nichols, S. A. (2005). Restoration and management 
of lakes and reservoirs (Third edit). CRC Press. 
Copetti, D., Finsterle, K., Marziali, L., Stefani, F., Tartari, G., Douglas, G., … Lürling, M. 
 123 
(2016). Eutrophication management in surface waters using lanthanum modified bentonite: 
A review. Water Research, 97, 162–174. https://doi.org/10.1016/j.watres.2015.11.056 
Correll, D. L. (1998). The Role of Phosphorus in the Eutrophication of Receiving Waters: A 
Review. Journal of Environment Quality, 27(2), 261. 
https://doi.org/10.2134/jeq1998.00472425002700020004x 
Coveney, M. F., Stites, D. L., Lowe, E. F., Battoe, L. E., & Conrow, R. (2002). Nutrient removal 
from eutrophic lake water by wetland filtration. Ecological Engineering, 19(2), 141–159. 
https://doi.org/10.1016/S0925-8574(02)00037-X 
CRE Laurentides. (2019). Atlas of lakes. Retrieved April 16, 2019, from 
https://crelaurentides.org/dossiers/eau-lacs/atlasdeslacs?lac=12003 
Crittenden, J. C., Trussell, R. R., Hand, D. W., Howe, K. J., & Tchobanoglous, G. (2012). 
MWH’s water treatment : principles and design. John Wiley and Sons. 
Deppe, T., & Benndorf, J. (2002). Phosphorus reduction in a shallow hypereutrophic reservoir by 
in-lake dosage of ferrous iron. Water Research, 36(18), 4525–4534. 
https://doi.org/10.1016/S0043-1354(02)00193-8 
Dodds, W. K., Bouska, W. W., Eitzmann, J. L., Pilger, T. J., Pitts, L., Riley, A. J., … Pitts, K. L. 
(2009). Eutrophication of U.S. Freshwaters: Analysis of Potential Economic Damages. 
Environmental Science & Technology, 43(1), 12–19. https://doi.org/10.1021/es801217q 
Dunne, E. J., Coveney, M. F., Hoge, V. R., Conrow, R., Naleway, R., Lowe, E. F., … Wang, Y. 
(2015). Phosphorus removal performance of a large-scale constructed treatment wetland 
receiving eutrophic lake water. Ecological Engineering, 79, 132–142. 
https://doi.org/10.1016/j.ecoleng.2015.02.003 
Egemose, S., Wauer, G., & Kleeberg, A. (2009). Resuspension behaviour of aluminium treated 
lake sediments: Effects of ageing and pH. Hydrobiologia, 636(1), 203–207. 
https://doi.org/10.1007/s10750-009-9949-8 
Eisma, D. (1993). Suspended Matter in the Aquatic Environment. Springer Science & Business 
Media. Retrieved from http://public.eblib.com/choice/publicfullrecord.aspx?p=3095402 
 124 
Elkhatib, E. A., Mahdy, A. M., & ElManeah, M. M. (2013). Effects of drinking water treatment 
residuals on nickel retention in soils: A macroscopic and thermodynamic study. Journal of 
Soils and Sediments, 13(1), 94–105. https://doi.org/10.1007/s11368-012-0577-y 
Ellison, M. E., & Brett, M. T. (2006). Particulate phosphorus bioavailability as a function of 
stream flow and land cover. Water Research, 40(6), 1258–1268. 
https://doi.org/10.1016/j.watres.2006.01.016 
Environment and Climate Change Canada. (2019). Canadian Environmental Sustainability 
Indicators: Water quality in Canadian rivers. 
Environment and Natural Resources. (2019a). Conductivity. Government of Northwest 
Territories. Retrieved from http://www.enr.gov.nt.ca/sites/default/files/conductivity.pdf 
Environment and Natural Resources. (2019b). Oxidation-Reduction Potential ( ORP ). 
Government of Northwest Territories. 
Environment Canada. (2001). Threats to Sources of Drinking Water and Aquatic Ecosystem 
Health in Canada. National Water Research Institute. Burlington, Ontario. 
Environment Canada. (2004). Canadian Guidance Framework for the Management of 
Phosphorus in Freshwater Systems. Ecosystem Health: Science-based Solutions Report No. 
1-8. Ottawa, Ontario. 
Environment Canada. (2014). Canadian Environmental Sustainability Indicators: Data Sources 
and Methods for the Phosphorus and Nitrogen Levels in the St. Lawrence River Indicator, 
(August). 
ERD (Environmental Research and Design Inc.). (2012). Evaluation of surface water quality 
characteristics in Casselberry lakes. FL. 
Estalaki, S. M., Kerachian, R., & Nikoo, M. R. (2016). Developing water quality management 
policies for the Chitgar urban lake: application of fuzzy social choice and evidential 
reasoning methods. Environmental Earth Sciences, 75(5), 1–16. 
https://doi.org/10.1007/s12665-015-5065-4 
Fleming, L. E., Rivero, C., Burns, J., Williams, C., Bean, J. A., Shea, K. A., & Stinn, J. (2002). 
 125 
Blue green algal (cyanobacterial) toxins, surface drinking water, and liver cancer in Florida. 
Harmful Algae, 1(2), 157–168. https://doi.org/10.1016/S1568-9883(02)00026-4 
Fondriest Environmental, I. (2014). Turbidity, Total Suspended Solids &amp; Water Clarity - 
Environmental Measurement Systems. Retrieved February 7, 2019, from 
https://www.fondriest.com/environmental-measurements/parameters/water-
quality/turbidity-total-suspended-solids-water-clarity/#Turbid1 
Fujimoto, N., Sudo, R., Sugiura, N., & Inamori, Y. (1997). Nutrient‐limited growth of 
Microcystis aeruginosa and Phormidium tenue and competition under various N: P supply 
ratios and temperatures. Limnology and Oceanography, 42(2), 250–256. 
Fukue, M., Minato, T., Uehara, K., Sato, Y., Inoue, T., & Yamasaki, S. (2006). Development of 
filtration system for removal of contaminated suspended solids in an enclosed sea area. In 
Contaminated Sediments: Evaluation and Remediation Techniques (pp. 320–329). ASTM 
International.  
Fukue, M., Sato, Y., Inoue, T., Minato, T., Yamasaki, T., & Tani, S. (2004). seawater 
purification with vessel filter units. In Geoenvironmental Engineering: Integrated 
Management of Groundwater and Contaminated Land (pp. 510–515). London: Thomas 
Telford. 
Funes, A., del Arco, A., Álvarez-Manzaneda, I., de Vicente, J., & de Vicente, I. (2017). A 
microcosm experiment to determine the consequences of magnetic microparticles 
application on water quality and sediment phosphorus pools. Science of the Total 
Environment, 579, 245–253. https://doi.org/10.1016/j.scitotenv.2016.11.120 
Galvez-Cloutier, R., Saminathan, S. K. M., Boillot, C., Triffaut-Bouchet, G., Bourget, A., & 
Soumis-Dugas, G. (2012). An evaluation of several in-lake restoration techniques to 
improve the water quality problem (eutrophication) of Saint-Augustin Lake, Quebec, 
Canada. Environmental Management, 49(5), 1037–1053. https://doi.org/10.1007/s00267-
012-9840-7 
Gao, P., Xue, G., Song, X. S., & Liu, Z. H. (2012). Depth filtration using novel fiber-ball filter 
media for the treatment of high-turbidity surface water. Separation and Purification 
 126 
Technology, 95, 32–38. https://doi.org/10.1016/j.seppur.2012.04.010 
Geer, T. D., Calomeni, A. J., Kinley, C. M., Iwinski, K. J., & Rodgers, J. H. (2017). Predicting In 
Situ Responses of Taste- and Odor-Producing Algae in a Southeastern US Reservoir to a 
Sodium Carbonate Peroxyhydrate Algaecide Using a Laboratory Exposure-Response 
Model. Water, Air, and Soil Pollution, 228(2). https://doi.org/10.1007/s11270-016-3229-9 
Gerloff, G. C., & Skoog, F. (1957). Nitrogen as a limiting factor for the growth of Microcystis 
aeruginosa in southern Wisconsin lakes. Ecology, 38(4), 556–561. 
Gibbs, M., & Özkundakci, D. (2011). Effects of a modified zeolite on P and N processes and 
fluxes across the lake sediment-water interface using core incubations. Hydrobiologia. 
https://doi.org/10.1007/s10750-009-0071-8 
Gimbert, L. J., Worsfold, P. J., & Haygarth, P. M. (2007). Processes affecting transfer of 
sediment and colloids, with associated phosphorus, from intensively farmed grasslands : 
colloid and sediment characterizationmethods. Hydrological Processes , 21, 275–279. 
Gitis, V., Rubinstein, I., Livshits, M., & Ziskind, G. (2010). Deep-bed filtration model with 
multistage deposition kinetics. Chemical Engineering Journal, 163(1–2), 78–85. 
https://doi.org/10.1016/j.cej.2010.07.044 
Glibert, P. M. (2017). Eutrophication, harmful algae and biodiversity — Challenging paradigms 
in a world of complex nutrient changes. Marine Pollution Bulletin, 124(2), 591–606. 
https://doi.org/10.1016/j.marpolbul.2017.04.027 





Gouvernement du Québec. (2002). L’eau, la vie, l’avenir - Politique nationale de l’eau. 
Government of Alberta. (2018). Respect Our Lakes | AEP - Environment and Parks. Retrieved 
May 4, 2018, from http://aep.alberta.ca/water/programs-and-services/respect-our-
lakes/default.aspx 
 127 
Government of Alberta. (2019). Surface water quality data. 
Government of Canada. (2008). Technical guidance document for Water Quality Indicator 
practitioners reporting under the Canadian Environmental Sustainability Indicators (CESI) 
initiative 2008. 
Government of Ontario. (2019). Blue-green algae | Ontario.ca. Retrieved February 15, 2019, 
from https://www.ontario.ca/page/blue-green-algae 
Government of Saskatchewan. (2008). Nitrite, (2), 1–2. 
Grenier, A., Meireles, M., Aimar, P., & Carvin, P. (2008). Analysing flux decline in dead-end 
filtration. Chemical Engineering Research and Design, 86(11), 1281–1293. 
https://doi.org/10.1016/j.cherd.2008.06.005 
Hannouche, A., Ghassan, C., Tassin, B., Joannis, C., & Lemaire, B. (2011). Relationship 
between turbidity and total suspended solids concentration within a combined sewer system 
. To cite this version : Water Science and Technology, 64(12), 2445–2452. 
Haygarth, P. M., Bilotta, G. S., Bol, R., Brazier, R. E., Butler, P. J., Freer, J., … Worsfold, P. 
(2006). Processes affecting transfer of sediment and colloids, with associated phosphorus, 
from intensively farmed grasslands: an overview of key issues. Hydrol. Process., 20, 4407–
4413. 
Haygarth, P. M., Condron, L. M., Heathwaite, A. L., Turner, B. L., & Harris, G. P. (2005). The 
phosphorus transfer continuum: Linking source to impact with an interdisciplinary and 
multi-scaled approach. Science of The Total Environment, 344(1–3), 5–14. 
https://doi.org/10.1016/j.scitotenv.2005.02.001 
Health Canada. (2013). Guidelines for Canadian Drinking Water Quality: Guideline Technical 
Document — Nitrate and Nitrite. Water and Air Quality Bureau, Healthy Environments and 
Consumer Safety Branch, Health Canada. Ottawa, Ontario. https://doi.org/978-1-100-
16767-1 
Heathwaite, L. (1994). Eutrophication. Geography Review, 7(4), 31–37. 





Heibaum, M. (2016). Geotextiles used in filtration. In B. R. Koerner (Ed.), Geotextiles: From 
Design to Applications. Woodhead Publishing. 
HORIBA. (2019). Laser scattering particle size distributio analyzer Partica LA-950V2. 
Hoslett, J., Massara, T. M., Malamis, S., Ahmad, D., van den Boogaert, I., Katsou, E., … 
Jouhara, H. (2018). Surface water filtration using granular media and membranes: A review. 
Science of the Total Environment, 639, 1268–1282. 
https://doi.org/10.1016/j.scitotenv.2018.05.247 
Hu, J., Chu, W., Sui, M., Xu, B., Gao, N., & Ding, S. (2018). Comparison of drinking water 
treatment processes combinations for the minimization of subsequent disinfection by-
products formation during chlorination and chloramination. Chemical Engineering Journal, 
335, 352–361. https://doi.org/10.1016/j.cej.2017.10.144 
Hudnell, H. K. (2010). The state of U.S. freshwater harmful algal blooms assessments, policy 
and legislation. Toxicon, 55(5), 1024–1034. https://doi.org/10.1016/j.toxicon.2009.07.021 
Hupfer, M., & Hilt, S. (2008). Lake Restoration. Encyclopedia of Ecology, 2080–2093. 
Huser, B. J., Egemose, S., Harper, H., Hupfer, M., Jensen, H., Pilgrim, K. M., … Futter, M. 
(2016). Longevity and effectiveness of aluminum addition to reduce sediment phosphorus 
release and restore lake water quality. Water Research, 97, 122–132. 
https://doi.org/10.1016/j.watres.2015.06.051 
Inoue, T., Fukue, M., Mulligan, C. N., & Uehara, K. (2009). In situ removal of contaminated 
suspended solids from a pond by filtration. Ecological Engineering, 35(8), 1249–1254. 
https://doi.org/10.1016/j.ecoleng.2009.05.006 
Ives, K. J. (1971). Filtration: the significance of theory. IWE, 25(1), 13–20. 
Ives, K. J., & Gregory, J. (1967). Basic concepts of filtration. SWTE, 16(2), 147–169. 
Jeppesen, Je., Sondergaard, M., Sondergaard, M., & Christofferson, K. (Eds.). (1998). The 
 129 
Structuring Role of Submerged Macrophytes in Lakes. New York, NY: Springer New York. 
Karim, R. A., Mulligan, C. N., & Fukue, M. (2012). Preliminary Evaluation of a Sediment 
Resuspension Technique for Reduction of Phosphorus in Lake Water. Contaminated 
Sediments: 5th Volume, Restoration of Aquatic Environment, 1–21. 
https://doi.org/10.1520/stp20120052 
Kleerekoper, H. (1952). A new apparatus for the study of sedimentation in lakes. Canadian 
Journal of Zoology, 30(3), 185–191. 
Korppoo, M., Huttunen, M., Huttunen, I., Piirainen, V., & Vehviläinen, B. (2017). Simulation of 
bioavailable phosphorus and nitrogen loading in an agricultural river basin in Finland using 
VEMALA v.3. Journal of Hydrology, 549, 363–373. 
https://doi.org/10.1016/j.jhydrol.2017.03.050 
Kronvang, B., Laubel, A., Larsen, S. E., & Friberg, N. (2003). Pesticides and heavy metals in 
Danish streambed sediment. Hydrobiologia., 494(3), 93–101. 
Landsberg, J. H. (2002). The effects of harmful algal blooms on aquatic organisms. Reviews in 
Fisheries Science, 10(2), 113–390. https://doi.org/10.1080/20026491051695 
Lapierre, P. M. (2012). Rapport du Soutien technique des lacs. 
Leghari, S. J., Wahocho, N. A., HafeezLaghari, A., MustafaBhabhan, G., & HUssainTalpur, K. 
(2016). Role of nitrogen for plant growth and development: a review. Advances in 
Environmental Biology, 10(9), 209–218. Retrieved from 
https://go.galegroup.com/ps/i.do?id=GALE%7CA472372583&sid=googleScholar&v=2.1&
it=r&linkaccess=fulltext&issn=19950756&p=AONE&sw=w&userGroupName=ufrj_brcap 
Lewis, W. M., & Wurtsbaugh, W. A. (2008). Control of lacustrine phytoplankton by nutrients: 
Erosion of the phosphorus paradigm. International Review of Hydrobiology, 93(4–5), 446–
465. https://doi.org/10.1002/iroh.200811065 
Li, J., Hsieh, J., Lou, C., Hsieh, C., Pan, Y., Hsing, W., & Lin, J. (2016). Needle-punched 
thermally-bonded eco-friendly nonwoven geotextiles: Functional properties. Materials 
Letters, 183, 77–80. https://doi.org/10.1016/j.matlet.2016.07.074 
 130 
Liew, A. G., Noor, M. J. M. M., Muyibi, S. A., Fugara, A. M. S., Muhammed, T. A., & Iyuke, S. 
E. (2006). Surface water clarification using M. oleifera seeds. International Journal of 
Environmental Studies, 63(2), 211–219. https://doi.org/10.1080/00207230500117670 
Luettich, S. M., Giroud, J. P., & Bachus, R. C. (1992). Geotextile Filter Design Guide. 
Geotextiles and Geomembrane, 11(4–6), 355–370. 
Lürling, M., & Oosterhout, F. Van. (2013). Controlling eutrophication by combined bloom 
precipitation and sediment phosphorus inactivation. Water Research, 47(17), 6527–6537. 
https://doi.org/10.1016/j.watres.2013.08.019 
Maheshwari, B. K., & Gunjagi, D. A. (2008). Filtration and clogging behavior of geotextiles 
with roorkee soils. Geotechnical and Geological Engineering, 26(1), 101–107. 
https://doi.org/10.1007/s10706-007-9150-7 
Mats Jansson, Rune Andersson, H. B. and L. L. (1994). Wetlands and Lakes as Nitrogen Traps. 
Trends in the Sciences, 23(3), 320–325. https://doi.org/10.5363/tits.6.3_37 
Matthijs, H. C. P., Visser, P. M., Reeze, B., Meeuse, J., Slot, P. C., Wijn, G., … Huisman, J. 
(2012). Selective suppression of harmful cyanobacteria in an entire lake with hydrogen 
peroxide. Water Research, 46(5), 1460–1472. https://doi.org/10.1016/j.watres.2011.11.016 
McCrackin, M. L., Jones, H. P., Jones, P. C., & Moreno-Mateos, D. (2017). Recovery of lakes 
and coastal marine ecosystems from eutrophication: A global meta-analysis. Limnology and 
Oceanography, 62(2), 507–518. https://doi.org/10.1002/lno.10441 
MDDELCC. (2019a). Critères de qualité de l’eau de surface. Retrieved February 20, 2019, from 
http://www.environnement.gouv.qc.ca/eau/criteres_eau/index.asp 
MDDELCC. (2019b). The Voluntary Lake Monitoring Network. Retrieved March 18, 2019, 
from http://www.environnement.gouv.qc.ca/eau/rsvl/relais/rsvl_details.asp?fiche=497 
MDDEP. (2012). Portrait de la qualité des eaux de surface au Québec 1999-2008. Québec. 




MDDEP. (2019a). Algues bleu-vert. Retrieved May 8, 2018, from 
http://www.mddelcc.gouv.qc.ca/eau/algues-bv/gestion/index.htm#contexte 
MDDEP. (2019b). Qualite de l’eau de surface. 
MDDEP. (2019c). Water Management in Québec Public Consultation Document. Retrieved May 
2, 2018, from http://www.mddelcc.gouv.qc.ca/eau/consultation-en/themes2.htm 
MELCC. (2019a). Critères de qualité de l’eau de surface. Retrieved May 9, 2019, from 
http://www.environnement.gouv.qc.ca/eau/criteres_eau/index.asp 
MELCC. (2019b). Réseau de surveillance volontaire des lacs Lac Johanne - Suivi de la qualité 
de l’eau 2017, 2019. 
MELCC. (2019c). Réseau de surveillance volontaire des lacs Lac Johanne - Suivi de la qualité de 
l’eau 2018, 2019. 
Mesner, N. & Geiger, J. (2010). Understanding Your Watershed: Nitrogen. Utah State 
University. 
Migliaccio, K. W., Chaubey, I., & Haggard, B. E. (2007). Evaluation of landscape and instream 
modeling to predict watershed nutrient yields. Environmental Modelling and Software, 
22(7), 987–999. https://doi.org/10.1016/j.envsoft.2006.06.010 
Minnesota Pollution Control Agency. (2007). Phosphorus: Sources, Forms, Impact on Water 
Quality - A general overview. 
Minnesota Pollution Control Agency. (2008). Nutrients: Phosphorus, Nitrogen Sources, Impact 
on Water Quality - A General Overview. 
Miszkowska, A., Lenart, S., & Koda, E. (2017). Changes of permeability of nonwoven 
geotextiles due to clogging and cyclic water flow in laboratory conditions. Water, 9(9), 660. 
https://doi.org/10.3390/w9090660 
Moslemizadeh, E. (2009). The Use of Geotextiles for the Treatment of Surface Water. Concordia 
University. 
Mouiya, M., Abourriche, A., Bouazizi, A., Benhammou, A., El Hafiane, Y., Abouliatim, Y., … 
Hannache, H. (2018). Flat ceramic microfiltration membrane based on natural clay and 
 132 
Moroccan phosphate for desalination and industrial wastewater treatment. Desalination, 
427, 42–50. https://doi.org/10.1016/j.desal.2017.11.005 
Mulligan, C.N., Ramalingaih, T. N., & Fukue, M. (2011). Removal of suspended solids and 
phosphorus from a eutrophic lake. In Environmental Pollution and Remediation. Ottawa, 
Ontario, Canda. 
Mulligan, Catherine N., Davarpanah, N., Fukue, M., & Inoue, T. (2009). Filtration of 
contaminated suspended solids for the treatment of surface water. Chemosphere, 74(6), 
779–786. https://doi.org/10.1016/j.chemosphere.2008.10.055 
Municipality of Sainte-Anne-des-Lacs. (2019). ANALYSIS OF THE WATER OF LAKES AND 
STREAMS. Retrieved March 18, 2019, from https://www.sadl.qc.ca/vie-
citoyenne/environnement/eau/cours-deau/ 
Ngatia, L., Iii, J. G., Moriasi, D., & Taylor, R. (2019). Nitrogen and Phosphorus Eutrophication 
in Marine Ecosystems. In Monitoring of Marine Pollution. IntechOpen. 
https://doi.org/10.5772/32009 
Nixon, S. W. (1995). Coastal marine eutrophication: A definition, social causes, and future 
concerns. Ophelia. https://doi.org/10.1080/00785236.1995.10422044 
Palakkeel Veetil, D, Ghasri, M., Mulligan, C. N., & Bhat, S. (2019). USE OF NON-WOVEN 
GEOTEXTILES FOR IMPROVING WATER QUALITY OF A EUTROPHIC LAKE : AN 
IN-SITU STUDY, In CSCE conference (pp. 1–8). Laval (Greater Montreal), Canada. 
Palakkeel Veetil, D., N. Mulligan, C., Eliaslara, M., & Castillo Arriagada, E. Bhat, S. (2017). 
GEOTEXTILE FILTRATION FOR IMPROVING SURFACE WATER QUALITY OF 
EUTROPHIC LAKES. In CSCE conference (pp. 1–10). Vancouver, Canada. 
Palmeira, E. M., & Gardoni, M. G. (2002). Drainage and filtration properties of non-woven 
geotextiles under confinement using different experimental techniques. Geotextiles and 
Geomembranes, 20(2), 97–115. https://doi.org/10.1016/S0266-1144(02)00004-3 
Patel, D., Hauser, J., Johnston, J., & Curtis, J. (2004). Pilot Filtration Studies for Turbidity and 
Nutrient Removal at Lake Tahoe. In 3rd Annual North American Surface Water Quality 
Conference (StormCon), (pp. 26–29). Palm Desert. 
 133 
Peng, L., Lei, L., Xiao, L., & Han, B. (2018). Cyanobacterial removal by a red soil-based 
flocculant and its effect on zooplankton: an experiment with deep enclosures in a tropical 
reservoir in China. Environmental Science and Pollution Research, (1), 1–12. 
https://doi.org/10.1007/s11356-018-2572-3 
Perlmutter, B. A. (2015). Types of Filtration Systems. In Solid-Liquid Filtration (pp. 35–45). 
Elsevier. https://doi.org/10.1016/b978-0-12-803053-0.00003-1 
Pote, D. H., & Daniel, T. C. (2000). Analyzing for Total Phosphorus and Total Dissolved 
Phosphorus in Water Samples. Methods of Phosphorus Analysis for Soils, Sediments, 
Residuals, and Water, 94–97. 
Prambauer, M., Wendeler, C., Weitzenböck, J., & Burgstaller, C. (2019). Biodegradable 
geotextiles – An overview of existing and potential materials. Geotextiles and 
Geomembranes, 47(1), 48–59. https://doi.org/10.1016/j.geotexmem.2018.09.006 
Quebec Commission of Toponymy. (2019). Lake Johanne. Retrieved April 16, 2019, from 
http://www.toponymie.gouv.qc.ca/ct/ToposWeb/Fiche.aspx?no_seq=31215 
Razali, M., Zhao, Y. Q., & Bruen, M. (2007). Effectiveness of a drinking-water treatment sludge 
in removing different phosphorus species from aqueous solution. Separation and 
Purification Technology, 55(3), 300–306. https://doi.org/10.1016/j.seppur.2006.12.004 
Reddy, K. R., Fisher, M. M., Wang, Y., White, J. R., & James, R. T. (2007). Potential effects of 
sediment dredging on internal phosphorus loading in a shallow, subtropical lake. Lake and 
Reservoir Management, 23(1), 27–38. https://doi.org/10.1080/07438140709353907 
Regroupement des organismes de bassins versants du Québec - ROBVQ. (2019). Overview 
about Quebec and Water into 2 mn. Retrieved May 7, 2018, from 
https://robvq.qc.ca/apercu/english 
Ridge, I., & Pillinger, J. M. (1996). Towards understanding the nature of algal inhibitors from 
barley straw. Hydrobiologia, 340(1–3), 301–305. https://doi.org/10.1007/BF00012772 
Riegman, R., & Mur, L. R. (1986). Phytoplankton growth and phosphate uptake (for P 
limitation) by natural phytoplankton populations from the Loosdrecht lakes (The 
Netherlands). Limnology and Oceanography, 31(5), 983–988. 
 134 
https://doi.org/10.4319/lo.1986.31.5.0983 
Ross, G., Haghseresht, F., & Cloete, T. E. (2008). The effect of pH and anoxia on the 
performance of Phoslock®, a phosphorus binding clay. Harmful Algae, 7(4), 545–550. 
https://doi.org/10.1016/j.hal.2007.12.007 
Ryan, P. A. (1991). Environmental effects of sediment on new zealand streams: A review. New 
Zealand Journal of Marine and Freshwater Research, 25(2), 207–221. 
https://doi.org/10.1080/00288330.1991.9516472 
Rybak, M., Joniak, T., Gąbka, M., & Sobczyński, T. (2017). The inhibition of growth and 
oospores production in Chara hispida L. as an effect of iron sulphate addition: Conclusions 
for the use of iron coagulants in lake restoration. Ecological Engineering, 105, 1–6. 
https://doi.org/10.1016/j.ecoleng.2017.04.044 
Sahai, R. (2000). MEMBRANE SEPARATIONS | Filtration. In Encyclopedia of Separation 
Science (pp. 1717–1724). 
Saminathan, S. K. M., Mulligan, C. N., Kim, K., & Bhat, S. (2014). Removal of Phosphorus and 
Other Components From Eutrophic Lake Water. In 7th International Congress on 
Environmental Geotechnics: iceg2014 (p. 834). Engineers Australia. 
Sarma, S. (2016). Removal of nutrients and suspended solids from a eutrophic lake Shrabani. 
Concordia University Montreal,. 
Saskatchewan Ministry of Environment. (2012). EPB 431- Ammonia Fact Sheet. 
Satellite map of Lac-Johanne. (2019). Satellite map of Lac-Johanne. Retrieved April 17, 2019, 
from https://satellites.pro/Lac-Johanne_map#45.839472,-74.139017,19 
Schindler, D. W., Hecky, R. E., Findlay, D. L., Stainton, M. P., Parker, B. R., Paterson, M. J., … 
Kasian, S. E. M. (2008). Eutrophication of lakes cannot be controlled by reducing nitrogen 
input: Results of a 37-year whole-ecosystem experiment. Proceedings of the National 
Academy of Sciences, 105(32), 11254–11258. https://doi.org/10.1073/pnas.0805108105 
Schindler, D W. (2006). Recent advances in the understanding and management of 
eutrophication. Limnol. Oceanogr, 51(2), 356–363. 
 135 
https://doi.org/10.4319/lo.2006.51.1_part_2.0356 
Schindler, David W., Carpenter, S. R., Chapra, S. C., Hecky, R. E., & Orihel, D. M. (2016). 
Reducing phosphorus to curb lake eutrophication is a success. Environmental Science and 
Technology, 50(17), 8923–8929. https://doi.org/10.1021/acs.est.6b02204 
Scholz, M. (2013). Water quality improvement performance of geotextiles within permeable 
pavement systems: A critical review. Water (Switzerland), 5(2), 462–479. 
https://doi.org/10.3390/w5020462 
Schönach, P., Nygrén, N. A., Tammeorg, O., Heikkinen, M., Holmroos, H., Massa, I., … 
Horppila, J. (2018). The past, present, and future of a lake: Interdisciplinary analysis of 
long-term lake restoration. Environmental Science and Policy, 81(December 2016), 95–103. 
https://doi.org/10.1016/j.envsci.2017.12.015 
Seferlis, P. (2008). Measurement and process control for water and energy use in the food 
industry. In Handbook of Water and Energy Management in Food Processing (pp. 387–
418). Elsevier. 
Smith, V. H. (1998). Cultural eutrophication of inland, estuarine, and coastal waters. In 
Successes, limitations, and frontiers in ecosystem science (pp. 7–49). 
Smith, V. H., Tilman, G. D., & Nekola, J. C. (1998). Eutrophication: Impacts of excess nutrient 
inputs on freshwater, marine, and terrestrial ecosystems. Environmental Pollution, 100(1–
3), 179–196. https://doi.org/10.1016/S0269-7491(99)00091-3 
Spellman, F. R. (2009). Handbook of water and wastewater treatment plant operations (second 
edi). CRC Press. 
Stewart, B. A., & Howell, T. (Eds.). (2003). Encyclopedia of Water Science. CRC Press. 
Taulbee, D. N., & Maroto-Valer, M. M. (2000). CENTRIFUGATION. In Encyclopedia of 
Separation Science (pp. 17–40). Elsevier. 
United States Environmental Protection Agency. (2019). Nutrient Pollution. EPA. Retrieved 
from https://www.epa.gov/nutrientpollution/problem 
USEPA. (1996). Environmental indicators of water quality in the United States. EPA 841-R-96-
 136 
002. USEPA, Office of Water (4503F). Washington, D.C., USA. 
USEPA. (2002). The Clean Water and Drinking Water Infrastructure Gap Analysis. 
USEPA. (2005). Membrane Filtration Guidance Manual. United States Environmental 
Protection AgencyEnvironmental Protection Agency. Washington, D.C., USA. 
USEPA. (2014). Cyanobacteria and Cyanotoxins : Information for Drinking Water Systems. 
United States Environmental Protection Agency, (EPA-810F11001), 1–9. 
https://doi.org/10.1007/s00535-004-1497-4 
USEPA. (2018). Key Concepts Module 3: Criteria. Retrieved from https://www.epa.gov/wqs-
tech/key-concepts-module-3-criteria 
Van Der Molen, D. T., Portielje, R., Boers, P. C. M., & Lijklema, L. (1998). Changes in 
sediment phosphorus as a result of eutrophication and oligotrophication in Lake Veluwe, 
The Netherlands. Water Research, 32(11), 3281–3288. https://doi.org/10.1016/S0043-
1354(98)00117-1 
Veetil, D. P., Mulligan, C. N., & Bhat, S. (2018). Phosphorus Speciation of Sediments of a 
Mesoeutrophic Lake in Quebec, Canada. In The International Congress on Environmental 
Geotechnics (Vol. 1, pp. 780–787). Singapore: Springer. https://doi.org/10.1007/978-981-
13-2227-3_70 
Verma, A., Wei, X., & Kusiak, A. (2013). Predicting the total suspended solids in wastewater: A 
data-mining approach. Engineering Applications of Artificial Intelligence, 26(4), 1366–
1372. https://doi.org/10.1016/j.engappai.2012.08.015 
Von Gunten, U., Driedger, A., Gallard, H., & Salhi, E. (2001). By-products formation during 
drinking water disinfection: A tool to assess disinfection efficiency? Water Research, 35(8), 
2095–2099. https://doi.org/10.1016/S0043-1354(01)00051-3 
Wang, C., & Jiang, H. L. (2016). Chemicals used for in situ immobilization to reduce the internal 
phosphorus loading from lake sediments for eutrophication control. Critical Reviews in 
Environmental Science and Technology, 46(10), 947–997. 
https://doi.org/10.1080/10643389.2016.1200330 
 137 
Wang, C., Qi, Y., & Pei, Y. (2012). Laboratory investigation of phosphorus immobilization in 
lake sediments using water treatment residuals. Chemical Engineering Journal, 209, 379–
385. https://doi.org/10.1016/j.cej.2012.08.003 
Waszak, M., & Gryta, M. (2016). The ultrafiltration ceramic membrane used for broth separation 
in membrane bioreactor. Chemical Engineering Journal, 305, 129–135. 
https://doi.org/10.1016/j.cej.2015.11.058 
Welch, I. M., Barrett, P. R. F., Gibson, M. T., & Ridge, I. (1990). Barley straw as an inhibitor of 
algal growth II: laboratory studies. Journal of Applied Phycology, 2(3), 241–248. 
https://doi.org/10.1007/BF02179781 
Wen, L., & Recknagel, F. (2002). In situ removal of dissolved phosphorus in irrigation drainage 
water by planted floats: Preliminary results from growth chamber experiment. Agriculture, 
Ecosystems and Environment, 90(1), 9–15. https://doi.org/10.1016/S0167-8809(01)00292-4 
World Health Organization (WHO). (1999). Toxic Cyanobacteria in Water: A guide to their 
public health consequences, monitoring and management. (I.Chorus & J.Bartram, Eds.). 
London: Spon Press. 
Worsfold, P., McKelvie, I., & Monbet, P. (2016). Determination of phosphorus in natural waters: 
A historical review. Analytica Chimica Acta, 918, 8–20. 
https://doi.org/10.1016/j.aca.2016.02.047 
Xie, F., Wu, F., Liu, G., Mu, Y., Feng, C., Wang, H., & Giesy, J. P. (2014). Removal of 
phosphate from eutrophic lakes through adsorption by in situ formation of magnesium 
hydroxide from diatomite. Environmental Science and Technology, 48(1), 582–590. 
https://doi.org/10.1021/es4037379 
Xie, L. Q., Xie, P., & Tang, H. J. (2003). Enhancement of dissolved phosphorus release from 
sediment to lake water by Microcystis blooms - An enclosure experiment in a hyper-
eutrophic, subtropical Chinese lake. Environmental Pollution, 122(3), 391–399. 
https://doi.org/10.1016/S0269-7491(02)00305-6 
Yang, Z., Buley, R. P., Fernandez-Figueroa, E. G., Barros, M. U. G., Rajendran, S., & Wilson, 
A. E. (2018). Hydrogen peroxide treatment promotes chlorophytes over toxic cyanobacteria 
 138 
in a hyper-eutrophic aquaculture pond. Environmental Pollution (Barking, Essex : 1987), 
240, 590–598. https://doi.org/10.1016/j.envpol.2018.05.012 
Yong, R. N., Mulligan, C. N., & Fukue, M. (2014). Sustainable Practices in Geoenvironmental 
Engineering (Second Ed.). Boca Raton London New york: CRC Press. 
YSI. (2019). YSI EXO2 Multiparameter Sonde. Retrieved April 22, 2019, from 
https://www.ysi.com/EXO2 
Zamani, A., & Maini, B. (2009). Flow of dispersed particles through porous media - Deep bed 
filtration. Journal of Petroleum Science and Engineering, 69(1–2), 71–88. 
https://doi.org/10.1016/j.petrol.2009.06.016 
Zamparas, M., Drosos, M., Georgiou, Y., Deligiannakis, Y., & Zacharias, I. (2013). A novel 
bentonite-humic acid composite material BephosTM for removal of phosphate and 
ammonium from eutrophic waters. Chemical Engineering Journal, 225(2013), 43–51. 
https://doi.org/10.1016/j.cej.2013.03.064 
Zularisam, A. W., Ismail, A. F., & Salim, R. (2006). Behaviours of natural organic matter in 
membrane filtration for surface water treatment - a review. Desalination, 194(1–3), 211–
231. https://doi.org/10.1016/j.desal.2005.10.030 
 
